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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 ~hotosynthetic 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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1 

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 sarr.pling 

(Table 1). Plant production, which is the amount of organic mater•ial 

produced by photosynthesis, was usually expr essed as photosynthetic 

potential , the amount of photosynthesis occurring -3.t a given light 

intensity . Standing crop , or biomass, has been defined by 

Strickland (196 0 ) as "the instantaneous value of the amount of living 

plant material present in the watertt and was normally expressed as 

chlorophyll content or cell numbers per unit volume of water . 

The variation s in the photosynthetic potential and standing crop 

were often diel in nat~e, occurring regularly every 24 hoer period. 

Doty and Oguri (:l.957 ) were the first to report diel variations in 

photosynthetic potential . They found a 5-folc difference i n tropical 

Pacific waters, between a morning maximum and a minimum during the 

evening , and attributed the variations to changes in the ability of 

phytoplankton cells to assimilate carbon, rather than to population 

changes . However , neither cell numbers or chlorophyll conct:ui..1.-·ations 

were measured. 

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

chlorophyll a concentration in inst.ore waters , parallelled that of 

___J 
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the photosynthetic potential, with m:;i.xima dur5.ng the morning and a 

minimum at night. Photo- oxidation of t r e plant c!"llorophyll was 

suggested by both groups as the caus~ of the variations . Cell 

numbers, however, were not monito~ed in either of these studies , and 

thus the effects of zooplank·con grazirig and/or physical transport 

of the water mass, could not be determined. 

Diel variations in chlorophyll a concentration in inshore waters 

have also been reported by Ryther et al (1958) and Yentsch and 

Scagel (1958) with a maximum during the a.fternoon and minimum values 

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 (1 966) and Glooschenko (1 96 7) both found a diel 

varia.tion in chlorophyll concentration in oceanic waters , but the 

former attributed the differences solely to change s in the phytoplankton 

population. Glooschenko, however , felt that the variations in 
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chlorophyll a and c were greater than could be accounted for, by 

population changes, although cell !lumbers were !Wt actually measured . 

He felt that these cellular variations in chlorophyll, regulated by 

incident light, would resuJ .. t in a constant phot:osynthetic rate. 

Lorenzen (1963) in an inshore environment, an'd McAllister (1963) 

in oceanic waters, both found a parallel relationship between 

chlorophyll a concentration and photosynthetic p~tential, 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 t hat there were diel chan ges in cellular concentrations 

of chlorophyll a, due to photo-oxidation and resynthesis of the 

pigment, but felt that there was also a var·iation in the photosynthetic 

efficiency (the amount of photosynthetic production per unit of 

chlorophyll) in the cell as well. 

Newhouse et al (19 67) foun.d in inshore waters, a diel variation 

in the photosynthetic potential , similar to those reported by 

Lorenzen and McAllister. They concluded that the variations resulted 

from a combination of grazing effects, compounded by diel physiological 

variation (biological rhythm ) in carbon assimilation. 
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A biological rhythm was also suggested by Eppley et al (1971a) 

for being at least partly responsible for variations in the photo­

synthetic potential. ~hey measu~ed changes in cultures of natural 

phytoplankton population, a..'1d found a diel variation in the time of 

cell di vision, 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 

tmderwent a diel variation. 

In all of t he variations 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 d1wing 

the night, but the total photosynthetic production ( calculated n.~om 

24-hour in situ measurements) was greate r• fo1~ s amples collected in 

the dark period. These data suggest an increase in photosynthetic 

efficiency during the dark period. However, cell counts were not 

made, and thus differences wh ich mi ght 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 cf 

Antarctic lake phytoplankton. He attributed the decrease during t he higher 

light intensit ies to light inhibition, but because chlorophyll measure ­

ments were not made, it is not known whether the decrease is due to pigment 
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changes or to the inhibition of another segment of the photosynthetic 

mechanism. 

It can be seen from the literature reviewed here, th~t diel 

variations in chlorophyll a concentration and photosynthetic potential 

exist, but the reasons given for these variations difrer between 

some authors. In addition, the time of the maximum and minimum were 

not ah1ays the same. Changes in the phytoplankton population and/o!' 

cellular changes in pigments were suggested to explain the differences 

in chlorophyll a 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,photosyr,thetic potential, and cell counts measured 

simultaneously. If ratios involving the photosynthetic potential per 

cell, chlorophyll a per eel~ 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 chlorophyll a per cell, but not necessarily 

in the amount of photosynthesis per unit of chlorophyll a. 

However, if the diel variations in photosynthet i c potential were 

endogeneous rhythms involving the photosynthetic mechanism, then 
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differences in the amount of car•bon upta.ke per cell would occur, 

as well as variations in the photosynthetic potential per unit of 

chlorophyll a. A diel variation due to popul ation changes alone , 

would not show any differences in the calculated rai::ios . 

A study was therefore initiated t o 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 int racellular or due to changes in biomass. 

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

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



TABLE 

A sumrr.ary of d,iel variations in phytoplankton. 

Location 

Off-Shore Wa ters: 

Tropicaj. Pacific 

Tropical Pacific 

Sar gasso Sea 

N. E . Pacific 

S2rgasso Sea 

Tropical Atlantic 

Variation(s) 
Measured 

1) Phot osynthetic Potential 

1) Photosynthetic Potential 
2) ,Chlorophyll Concentration 

1) Chlor ophyll Concentra tion 
(tot al euphot ic zone ) 

2) ?hot osynt he9 i s (2 ~ hr -
in si :';u , in total euphotic 
zone) 

Time of 
Maximum 

· mid-day 

" morning 
~ morning 

~ day 

v dark 

1) Chl or ,'.) phyll a Concentration r- morning , 
dark (2'.)0')) 

2) Phot osynthe t ic Pot ent i al 

3) Assimilation Ratios 

1) Photosynthetic Potential 

_'.l) Chlorophyll Concentration 

1) Cell Numbers 
2) C!1lor.:>phyll Concentration 

(occa s ionally) 

~ mor n ing 

A morning 

cor ning 
( 06 00 ) 
evening 
(1 80:)) 

day 
varied 

Time of 
Minimum 

start of da1°k 

afternoon 
afternoon 

. dar k 

day 

dark (1800, 
02 00) 
dar k (2000) 

dar k (2000) 

dar k 

dark 

night 
varied 

Suggested Causes 
For Var i ations 

biolog ica l r hythrr. and/or 
changes in c hl orophyll 

variations in chlorophyll 

1) ef f ect of l i ght 

2) pos sible effect by 
nutrients 

1) 

2) 

3) 

n 

2) 

grazi ng plu.s cellular 
changes 
biol ogical r hyt hms , 
chlor ophyll changes 
plus graz ing 
biologi ca l r hythms , 
chlorophyll change s 

b iolofical r hythms a nd 
ce l l ula r change s 
pos sibl y infl uenced by 
nut rient s 
same as above 

1) r.,ra zing 
2) gra zing 

Reference 

Doty and Oguri 
(1 957) 

Shi:nada , ( ~- %8) 

Rhyther, et a l 
(1 961 ) 

McAll ister, (1963) 

Goering , et al, 
(1 964) 

Wood and Corocran, 
(1966) 

> 

--.J 



Table 1, cont'd. 

Temporate Pacifi~ 

Tropical Pacific 

Inshore Waters: 

Woods Hole Harbor 

Atlantic Estuary 

P.:icific Inlet 
(Washingtcn) 

Antarct ic 
Fresh-Water 

Atlantic Estuary 

Weddell Sea 

Hawaii, I:'lshore 

1) Chlorophyll Concentration , dark day 

* 1) Assimilation Ratio ( no dark afternoJn 
tt 

mid-day 
period measured) 

1) Chlorophyll Concentration 

2) Photosynthetic Potential 

1) Chlorophyll Concentration 

1) Chlorophylf Concentration 

2) Chlorophyll Per Cell 

1) In Si tu Photosynthesis 
(24 hr light cycle) 

1) Photosynthetic Pote-ntial 
-'2 ) Chlorophyll Concentration 
3) Ass i milation Ratios 

1) Photosynthetic Potential 
2) Chlorophyll 
3) Assimilation Ratios 

(24 ~r light cycle) 

1) Photc synthetic PoteI1tial 

2) Photc,synthet ic Potential 
per unit biomass 

morning -
aft ernoon 

'' morning "'." 
afternoor. 

afternoor. 

dark 

~ dark -
morning 

noon-dark 

noon-dark 

dark 

afternoon 

mid-day 

lowest U.ght mid-day 
(midnight) 

mid-day 
mid-day 
mid-day 

midnight ­
midnight 
midni ght . 

afternoJn 

aftCl'nOJf. 

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 i nfluence on 
chlorophyll 

1) changes in chlorophyll 
2) influence of light 
3) cellular changes in 

effic i ency 

1) light inhibition 
2) influenc e of light 
3) poss ible biologjcal 

r hyt h!11 

1) changes ir. b ioma ss 

2) biological r hythm+ 
excretion 

Glooshenko, (1967) 

Malone, ( 1971) 

Yentsch and 
Ryther, (1957) 

Ryther, et a.l, 
(1958) 

Yentsch and 
S•::agel, ( 1958) 

Goldman, et al, 
(1 963) 

Lorenzen, (1963) 

El-Sayed and 
MGI1delll ( 1965) 

Newhouse, et al, 
(1967) 

a:, 



Table 1, cont'd. 

Artie Fresh-Water 1) In ·situ Photosynthesis 
(24 hr light cycle) 

Cultures: 

Eugtena graciLis 

Dur:aUeUa 
tertioLecta 

SkeLetonema 
costatv.m 

DityLwn 
brightweLLii. 

Cocco ii thus 
LuxLegi 

1) Chlo1'ophyll Concentration 

1) Cell Division 

2) Cell Pigment 

3) Photosynthetic Potential 

4) Ass i mi lation Ratios 

1 )' Photosynthetic Potential 
pP. r ce l l 

2) Chlor op hyll Per Cell 
. 3) As s imilation Ratios 

----4) CP. 11 Division 

1) Cell Division 

2) Chlorophyll Pe1' Cell 

3) Ass i milation Ratios 

1) Cell Division 

2) Chlorophyll Per Cell 
(implied from data) 

evening 

light 

start of 
dark 
light 

light 

J ight 

mid- light 

mi d-light 
mid-light 
ra i d - l i ght 

start of 
dark 

mid-day 

dark 

light 

dark 

dark 

dark 

dar k 

dark 
dark 
dark 

end of dark 

start of end of dark 
dar k 
end of li.-sht mid- dark 

dark light 

light dark 

1) light inhibition of 
chlorophyll 

1) synchronous culture 

2) phas i ng of cellular 
act ivit ies to a l ight­
dark cycle 

3) phas ing of cellular 
activit ies to a l ight­
dark cycle 

I~) biol ogical r·hyt hm 

1) biol og i cal rhyt hm 

2) cycl i c synthes i s 
3) biological r hythm 
4 ) phasing with light ­

darJ,: cycle 

1) phasing wit h light­
dark cycle 

2) phasing wit h l i ght­
dark cyc l es 

3) light and/or biological 
r hythm 

1) phasing of cellular 
act ivit ies t o light­
dark cycles 

2) pha::;ing of cellul ar 
act i vities to light­
dark cycles 

l<alff, (1969) 

Giber and 
Meehan , ( 1961) 

Eppley and 
Coatswoi-vth, (1966) 

Jorgensen, (1966) 

Eppley , et, al, 
(1967) 

Paasche , (1967) 

l O 



Table 1, cont'd. 

Di tu Zurn 1) Cell Division light dark 1) phasing with light- Paasche, (1968) 
b"ri.ghtJ,JeHii dark cycles 

2) Chlorophyll Concentration light dark 2) variations in biomass 
(varied) 

3) Photosynthetic Potential light dark 3) vax•iations in biomass 
per cell 

Go rzy au Za:r:: 1) Cell Division end of · light 1) biological clock Sweeney, ( 1969) 
poZyedra dark 

2) Photosynthesis Per Cell light dark 2) biological clock 

Natural 1) Cell Division dark light u 1) phasing with light- Eppley, et al, 
Populations dark cycles (1971a) 

2) Photosynthetic Potential mid- day dark 2) biological rhythm 
3) Chlorophyll Per Cell mid-day dark 3) biological rhythm 

(implied from data) 
I-'-
a 
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METHODS AND MATERIALS 

Geographical Location (Figure 1) 

The oceanic environment was invest i gated at two locations in 

the N.E . Pacific Ocean. The first study was conducted during t he 

summer (August - September) of 1969, at Ocea~ Station P, (145° W 

longitude, 50° N latitude ) aboard t he 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 reachiDg 

the North Ameri :::an coast, this current splits , with most of the 

movement deflecting south to form part of the California Current 

(Pickard,19 63 ). A second ocean station was located in this southward 

moving portion of the Sub-arctic Current , at a longitude 129° 20' W, 

latit ude 48° 50 ' N. This cruise was carried out aboard the C. N.A.V . 

~~, in May, 1970. 

The inshore environment was studied in Saa~ich Inlet, Vancouver 

Island, the oceanography of which is described by Her-linveaux (1962) . 

Samples at station E- 2 , longitude 123° 29 ' W, latitude 48° 40 ' N, were 

collected aboard the C. N. A. V. tndeavour in May 1970 . 

Sampling Procedures 

At Station Pa series of sampling procedures were set up to 

measure the variations in photosynthetic potential and chlorcphyll a 

concentration over a 24-hour period . Diffe~ences between the total 
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FIGURE 1 

Map Showing The Geographical 

Location of Sampling Stations. 
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population and nanoplankton fraction wer e investi6ated , as well as 

differences between the surface and 30-meter populati0ns . For the 

·purposes of this s tudy, nanoplankton was defined as t hose organisms 

passing through a 44-micron mesh net . Laboratory studies, using 

natural populations from the surface waters , were also done during 

this cruise. 

Samples collected were placed in 20-li.tre 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 ir:. the ship 's laboratory . The line for this system was 

linked directly with the exterior, with the inlet port about 3½ meter ::: 

below the sea surface. During the time of the study, the water was 

flowing ccntinuously . 

For the surface-depth study, water was sampled using a submersible 

pump constructed at the Biological Laboratories in Nanaimo . 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 t0 a Niskin sampler, which was built at 

the University of Victoria, or a seven-litre Van Dorn bottle. 

All field investigations were initiated at 0900 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 a t Station P , the ship was drifting except for 

brief intervals (approximately 1 5 minute::; ) every four hours when 

steaming was necessary for t he release of a weat hc:r balloon, or 

during rough weather when a constant pos i tion was maintained . At 

station E-1, a drogue was l ower ed into the water and followed , so as 

to remain in the same water mass . Due to weather conditions the buoy 

was r emoved during t he l ast '.36 hours and t r1e ship maintained a constant 

position . At stat ion E- 2 , the ship was anchored to a buoy located in 

Saanich Inlet. 

Laborator y Experiments 

Three sets of exµeriments were set up, which were designed t o 

measure any changes in photosynthetic potent i a l and chlorophyll a 

concentration brought about by a ltering the photoperiod on natural 

phytoplankton populations . Sea water from the l abor ator y sea water 

supply, was pumped through surgical tubing into wooden aquaria which 

had been painted with a no:i-toxic epoxy paint . Both aquaria were 

fitted with plexi- glass l ids and placed in r efrigerators . The 

temperature of each refrigerator was adj usted to equal that of the 

~ater at t he time of collection . 

Air was passed through a cotton wool plug into each aquarium 

to keep the culture circulating . Light was provided by t~ree cool­

white fluorescent bulbs fastened over the transparent covers, with 

an intensity of approximately 0.02 0 l y/min at t he surface of t he 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 

aquariQm 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 the 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 one 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 , Hhile the lab culture had the light 

period between 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 introduc8d at the beginning of the 

experiment, to prevent nutrient limitation. The compounds NaNO? , .., 

K
2

HP0
4

, and NaSi0
3

· 9H
2
o were added to make an additional concentration 

in the culture of 25 µg-at/1 N03 , 12. 5 µg-at/1 P0
1
~, anc. 25 µg-at/1 of 

Sio3. 

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 satur~tion - the light 

intensity at which maximum photosynthesis occurs. During these studies, 

the light intensity of the incubators was kept less tha~ 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 t he 

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 inoculated immediately with 1 ml of 

c14Hco3 , in distilled ~,ater , with an activity of 8 . 5 rnicrocuries . 

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 Stat ion P~ illumination 

was provided by two banks of two cool-white fluorescent bulbs each 

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 t emperature 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 Figlll'e 2. Sampl es 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 s0 c. This temperature was essentially the same as found 

at 30 meters, while the surfac~ water temperatures varied between 

7. 8 and 10 . 2 depending on the time of day . 

After an incubation time of fo ur hours , the organisms were 

preserved with 1 ml of 3% neutral forma lin to stop photosynthesis, 

a~d filtered through 0 . 45~micron pore size membrane (Millipore® ) 

filters . After several rinses with filtered sea water, the filters 
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FIGURE 2 

Above: Diagramatic Drawing of the Light Incubator 

Used During the Station P Cruise . 

Below: 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 

a scintillation fluid of t he following components : 4 . 0gPPO ( l) , 

( 2) ® .0 . 3gPOPOP , and 220 ml Biosolv 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 Liqu.i.c.1 

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 (O, l/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 sci ntillation cocktail identical to the one used during the cruises . 

To each filter, was also added a known amount of c14 
- labelled 

c:; 
tolulene which had a given activity of /..j • • 35 x 10~ d . p .m. The counting 

efficiency was found to be 90% and it is assumed that the data presented 

here was counted at t he same efficiency . 

3 The calculation of the photosynthetic potential (in mg C/m / 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 filter ed immediately through a 0 . 45- micron 

pore size MillipoPe ® filter . To prevent the filtel' fr·orn becoming 

acidic, 1 ml cf a solution of magnesium car•bonate (l 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 

Chlorophyll extractions were done at a later date , usually within 

one month of collection , and with the l0ngest period of storage being 

2*2 months. All chlorophyll samples collected on any part icular 

24-hour exper iment , were done together, so that their storage time 

would be the same. It is assumed that ·che degradation eff ects 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 

fol l owing modifications . Sampl es wer e ground in a pestle-type 

homogenizer for l½ minutes with 5- 6 ml of 90% acetone . The contents 

were transferred to centrifuge tubes and after two acetone washes 

of the pestle and homogenizer, wer e placed in the dark at room 

t emperatlll'e 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 e;<tract was measured in a 10.0 cm cell at wavel engths 

of 750, 663, 645, and 630 millimicrons wit h a Hitachi, Perkin-Elmer 

UV-Vis spect rophotometer, Model 139 . The concentration 0f chlorcphyll a 

was calculated using the trichromatic equations of the SCORE/ UNESCO 

group. 

Particle Size Spectrum - Tot al Particulat e Volume 

The particle size distribution and the total number and volume of 

particles were determined from sea water samples using a Model B Coulter 

Counter®. To obtain a particle size distribution , each sample was 

counted at discrete size ranges, adjust ed so t hat 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 meas ure­

ment. All counts are expressed as nu~bers 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 t he volume of a 

particle, independent of shape, particle diametex•s are those of spheres 

haviQg an equivalent volume. 

Calibration of the 100µ tube was done using ragweed pollen , with 

an average diameter of 19 . 5µ, following the procedure given by Strickland 

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

✓ 
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time interval was determined by counting the number of particles 

in a known volume , and the nu:nber of particles in the same S'.Jlution , 

during a given time period. 

pH-Alkalinity Measurements 

The pH of a sample was measured on a Fisher Accumet pH meter , 

Model 220. The i n situ pH was calculated using the temperature 

correction t ables of Harvey, as modified and given in Strickland 

and Pay,sons ( 1968). The total alkalinity of the sea water was 

calculated using the method ai,d t ables of Anderso~ and Robinson , as 

given in Strickland and Parsons (19 68 ). 

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°c for analysis at a later 

date. 

For nitrate and nitrite determinations, the samples were thawed 

to room temperature and analyzed. Nitr ate was done following the 

modified method of Morris and Ril ey, as given ln Strickland and Parsons 

(1968). Nitrite was measured following the technique of Shinn , and 

Bendschneider and Robinson , as presented in Strickland and Parsons 

(1968). 
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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 La1oratory Salinometer . Conductivity 

ratios were converted to salinity values ( 0
/oo) 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 coefficient (k) of the water . 

These were calculated using the following equations given in 

Strickland (1 958 ): 

k = 
log I - log I 

0 

d 

where k is the extinction coefficient 

I is the initial illumination and 
0 

I is the illumination after passing through 

a length (depth) of d 
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Dat a Pr esentation 

The photosynthetic potent i al and chl orophyll a concentr ation 

are r epresented on the graphs by the range in duplicate measurements, 

with the lines drawn through the means . All values for photo­

synthetic potential and chlorophyll a in the text are the means of 

the duplicate measurements . Only one meas urement 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 measured for the same 

sample. The two values so obtained were plotted on the graphs with 

the line pass ing 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 gi ven 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 four values . The data presented on the 

graphs are the e:Ktreme values ( lowest and highest) with the line 

passing through the m2ru, . Values in the text ar e the means, corrected 

to two decimal places . 

The numbe r placed beside some of the symbo l s refers to the number 

of values which that particular symbol 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 A11 . 

Generally, the chlorophyll a concentration was higher during 

the 1 ight period , decreasing to a miniml.L'Il in the dark period with 

3 the overall range in concentration between 0 . 67 and 1 . 50 mg/m . 

Chlorophyll a maxima were fo und during the m0rning , at 1100 on Day IV 

(1.32 mg/m3
) and at 0900 on Day V (1.49 mg/ m3

), 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 r espectively. Minimum values 

were measured during the dark period (at 0100 hours) with a 

3 3 concentrat ion of 0 . 86 mg/ on Day IV and 0 .67 rng /m on Day V. 

A diel variation was found on both days for the photosynthetic 

potential measurements with maximum activity during the l ight period 

and the minima occurring at night. The maxima occurred at 1300 on 

Day IV ( 3. 92 mg C/m 3 /hr) and 11.00 on Day V ( 4-. 23 mg C/m 3 /hr), while 

3 minimum values were measured at 0100 on both days - 1.69 mg C/m / hr 

3 on Day IV and O. 88 mg C/m /hr on Day V. 

Total particulate volume over t he two day period showed a diel 

variation similar t o, 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 Stations E-1 

and E-2. Number~ in par entheses i.ndicate the time of measurement . 

Day Chloroph~ll a Photosynthetic Total Particulate 
(mg/m) Potential 

3 
Volume 

6 
(mg C/hr/m3 ) (µ /ml x 10 ) 

max. min. max. min. max. min . 

I l. 33 o. 77 2.36 0.57 1.21 0.63 
(l900) (0100) (17 00) (0900) (1900) (0100 ) 

l.ll 
(2l00) 

n , .. ~o 0 . 7'2 3.35 l. 65 l. 29 0.62 
(0700) (1300) {0700) ('.23CC) (1500) (2300) 

III 0.97 0.66 3.52 2.02 N/A N/A 
(1100) (1900 ) (1100) (0100) 

IV 1.50 0.86 3.92 1.69 0.96 0. 77 
(2l00) (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.l7 1. 42 8.54 4.58 2.49 1.40 
(1900) ( 0900) (1500) ( 2100) (1900) (0100 ) 

2 . 48 1.26 
(0900) (llOO) 

VII 4.18 2.40 11.02 5 .43 4.45 2.19 
(2100) (0500) (130C) (0100) ( 2100) (0 500) 

2-.94 
(0900) 
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FIGURE 3 

Graph of Chlorophyll a Concentration in mg/ m3 
( X -- X), 

Photosynthetic Potential, mg Cim3/hr (0 --- O), and total 

Particulate Volume, µ
3/ rnl x 10

6 
(~ - -- - 6) for Surface 

Samples , Day IV and V. Chlorophyll a and Total Particulate 

Volume follow the Inner Scale ; Photcsynthetic Potential 

follows the Outer Scale . 

Horizontal Dark Line Indicates the Period of No 

Measurable l ight . 
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reached towards the end of the light period with a total volume 

on Day IV, 1900, of 0.96 x :1.0
6 µ3/ml, and 1.08 x 10

6 
µ

3/ml at 

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

period, with a minimum concentration of 0.77 x 10
6 µ3/ml at 0100 

6 3 on Day IV, and 0.38 - 0.40 x 10 µ /ml between 2300 and 0100 on 

Day V. 

Normalized Values Figure 4, Table 3, Table A12. 

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 

-12 3 in values on Day IV were between 1.05 and 1.58 x 10 mg chl-a/µ . 

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 mg chl-a/µ 3 

at 2300 was measured, but values decreased again to 1.06 x 10-
12 

3 mg chl-a/µ by 0500. 

Photosynthetic potential per particulate volume did , however, 

show a definite periodicity, with maximum values occur:r.ing in the 

morning, and decre:asing to a. minimum in the middle of the dark 

peri9d. -1 2 3 On Day IV, the maximum value of 4.44 x 10 mg C/hr/µ 

occurred at 1300 while a maximum ratio of 5.41 x 10-12 mg C/hr/µ 3 

was measured at 0900 on Day V. A secondary maximum on Day V, at 

2100, had a value of 4.19 x 10-
12 mg C/hr/µ 3

. Minimum values 
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TABLE 3 

Maximum-minimum values for surf ace chlorophyll a per' particle 

volume, photosynthetic potential per part icle volume and assimilat i on 

ratios, for Stations E- 1 and E-2. Numbers in par ent heses i ndicat e the 

time of measurement. 

Day Chlorophyll a/ Photosynthetic Potent i al/ Ass imilation 
Parti5le Vo!~~e Particl~ Volume Ratios 
(mg/µ X 10 ) (mg C/hn'µ " x 10-1 2 ) (mg C/hr/mg chl -a) 

max. min. max. min. max. min. 

I l. 36 0.91 2.51 0.59 2.48 0.45 
(0900) (2300) (1700) (0900) (1700) (0900) 

1.12 1.1 '.l 
(2100) (2100) 

II 1.23 0.59 4.36 1.85 4.13 1.67 
(2300) (1500) (0900) (0300) (1300) (2100) 

III N/A N/A N/A NIA 3.95 2.44 
(2100) (0100) 

2.40 
(1700) 

IV 1.58 1.05 4.46 2.18 3.29 1.43 
(1100) (2300) (0900) (0100) (0900) (2100) 

V 2.47 0.90 5.41 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) (09 00) (2100) (0900) (1900) 

VII l.72 0.94 5.20 l. 57 3.57 l. 60 
(0900) (2100) (0900) (2100) (1300) (0100) 

1.42 
(2300) 
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FIGURE 4 

3 -12 Graph of Chlorophyll a Per Particulate Volt;me, mg/µ x 10 

(X -- X), Photosynthetic Pot~ntial Per Particulate Volume, 

mg C/hr/µ 3 
x 10- 12 (0 --- 0) and Assimilation Ratios , 

mg C/hr/mg chl-a ( 1:5. -- -- - t.) for Surface Samples, Day IV 

and V. Horizontal Dark Line Indicates the Period of No 

Measurable Light. 
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-12 3 occurred between 2300 and 0100 (2.18 - 2. 23 :x 10 mg C/hr/µ ) 

-12 3 on Day IV, and between 01 00 and 0300 ( 2.20 - 2 . 26 x 10 mg C/hr/µ ) 

on Day V. 

The assimi lation ratios (the amount of photosynthetic potential 

per unit of chlorophyll a) also showed diel variations , with 

maximum ratios measured during the light period ar.d the minima 

found during the dark period. The maxlma .occurred earlier in the 

day than did t he 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 A11. 

The chlorophyll 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 

3 an initial concentration of 1.1+2 mg/m at 0900, values increased 

3 during Day VI to 3.17 mg/m at 1qoo . There was little change in the 

chlot>ophyll a values during the light period on Day VII until 1500, 

3 when values increased to 4.18 mg/m by 2100. During the dark period 

on Day VI, there were no significant decreases in chlprophyll 
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FIGURE 5 

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

3 Photosynthetic Potential, mg C/m /hr (0 --- .0) and Total 

Particulate Volume, µ
3/ml x 106 (6 - -- - 6) for Surface 

Samples, Day VI and VII. Chlorophyll a and Total Particulate 

Volume follow the Inner Scale; Photosynthetic Potential fellows 

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) 

3 and at 0700 in the next light period ( 2 . 44. mg/m ) . On Day VII, 

however, the chlorophyll a concentration decreased from the maximum 

at 2100 to a minimum value of 2.40 rng /m3 at 05 00. 

Photosynthetic potential showed definite die.l changes, with 

maximum values in the afternoon and the minima occurring during the 

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

8.54 mg C/m3/hr was measured at 1500, while the Day VII maximum 

occur•red at 1300, with a value of 11.02 mg C/m3 / hr. The minimum 

r 

on Day VI occurred at 2100 ( 4. 5 8 mg C/m 3 /hr) but remained low until 

0100 ( 5, 03 mg C/m 3 /hr). The photosynthetic potent•ial on Day VII 

3 decreased to a. minimum of 5.'+3 mg/m /hr, at 0100. 

Total particulate volume also showed a diel variation although, 

like chlorophyll a, there was an overall increase during the two 

days. Maximum values were measured at the end of t he 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 10
6 

µ
3/ml at 

1900 on Day VI, but the maximum occurred slightly later on Day VII 

(2100 hours), with a value of 4.45 x 10
6 ilml. The particle 

concentration was at a minimum between 0100 and 0700 on Day VI, with 

a range in values of 1.40 - 1.47 x 10
6 

µ
3
/ml, but on Day VII the 

c~ncentration decreased steadily from the maximum, unt il sampling 

was terminated (1.82 x 10
6 

µ
3/ml at 0700). 



34 

Normalized Values Figure 6, Table 3, Tabl e A12. 

Chlorophyll a per particulate vollm,e did not show a diel 

variation, although values did t end to increase during the dark 

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

1.95 x 10-
12 mg chl-a/µ 3

, and between 0.94 - 1 . 72 x 10-
12 mg 

3 chl-a/µ on Day VII. There was a gradual decrease from 0100, Day VI, 

(1.95 x 10-
12 mg chl-a/µ 3

) during the light period of Day VII, to 

-12 3 a value of Oo94 x 10 mg chl-a/µ at 2100. The chlorophyll/volume 

ratio then increased again to 1.42 x 10-
12 mg chl-a/µ 3 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 

-12 3 occurred at 0900, with a value of 5.48 x 10 mg C/hr/µ on Day VI 

-12 3 and 5.20 x 10 mg C/hr/µ on Day VII. (By the time sampling was 

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

again to 4.95 x 10-
12 mg C/hr/µ 3

.) Both minima were measured at 

2100, with a value of 1.93 x 10-
12 mg C/hr•/ 1} on Day VI and 

-12 3 
1.57 x 10 mg C/hr/µ on Day VII. 

The assimilation ratios also showed a diel periodicity with a 

maximum near midday, decreasing to a miuimum 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 or. Day VI reached a 
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FIGURE 6 -

3 -12 Graph of Chlorophyll a Per Particulate Volume, mg/µ x 10 

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

'.i -12 mg C/hr/µ ~ x 10 (0 - -- 0), and Assimilation Ratios , 

mg C/hr/mg chl-a (6 - -- - 6) for Surface Samples , Day VI 

and VII. Photosynthetic Potent ial follows t he Inner Scale; 

Chlorophyll a fol lows the Middle Scale; and Total Particulate 

Volwne 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 . 

3 Chlorophyll a ranged from a low of 0.86 mg/m . to a high of 

1.50 mg/m3 for Day IV, and between 0.67 and 1.49 mg/m 3 during Day V. 

By Day VI and VII, values had increased considerably, some twofold, 

3 3 with a range of 1.39 - 3.17 mg/m for Day VI and 2.40 - 4.18 mg/m 

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 chlorophyll a concentration occurred 

during the dark period. 

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. 3 The range in values for Day IV was 1.69 - 3.92 mg C/m /hr, 

while Day V was similar, varying between 0.88 - 4.23 mg C/m3/hr. 



37 

On Da.ys VI and VII , however , t he photosynt het i c potential had 

3 increased , ...-i th a range of 4 . 5 8 to 8. 54 mg C/ m /r.r , and 5 . L:.3 -

11 . 02 mg C/m3/hr respectively , for the two days . 

Total particul ate 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 occurred 

near the end of the light period, while the lowest values were 

measured between 0100 and 0500 . The total volume increased during 

the f our days with nearly a four fold increase in values from 

Day IV to Day VII. The range for Day IV •tJas 0 .70 -· 0 . 96 x 106 
µ

3
/ml, 

6 3 while Day V varied between O. 38 - 1.12 x 10 µ / m1. By Day VI and 

VII , the total particulate concentration had increased , with a range 

of 1. 26 - 2.49 x 106 
µ

3 /ml on Day VI and 1.47 - 4 .115 x 106 µ3 / ml 

on Day VII . 

Normalized Values 

Duri ng the four days , there was no apparent diel variat ion in 

chlorophyll a per particulate volume, although increases during the 

dar k per i od were measured on Days V, VI and VII . During Day IV , 

-12 3 values r anged between 1 . 05 and 1 . 58 x 10 mg chl- a/µ , while Day V 

-12 3 was slightly higher , with a range of 0 . 90 to 2 . 47 x 10 mg chl-a/µ . 

The r atios calculated for Day VI and VII were similar , varying 

between 0 . 96 and 1.95 x 10- 12 and 0 . 94 to 1 . 72 x 10-12 mg chl-a/µ 3 
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respectively for the two days . 

Photosynthetic potantial p€r 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 

-12 3 and V had a range of 2 .18 - 4.44 x 10 mg C/hr/ µ and 2.20 -

-12 3 
5.41 x 10 mg C/hr/µ respectively , while Day VI varied between 

1.93 and 5,48 x 10-
12 mg C/hr/µ 3

, and Day VII between 1 , 57 and 

-12 3 
5.20 x 10 mg C/hr/µ . 

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 L43 and 3.29 mg C/hr/mg chl-a on Day IV and 

1.30 and 3.88 mg C/hr/mg chl-a on Day V. On Day VI the assimilation 

ratios were generally higher , ranging between 1.59 - 5.23 mg C/hr/mg 

chl-a 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, 

3 3 with. a range of 0.47 - 0.57 mg/m on Day IV , and 0.51 - 0.57 mg/m 

on Day V. 

Photosynthetic potential was similar to the chlorophyll a 

measurements, with no apparent diel variation. Values we:r•e between 
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TABLE 4 

Maximum-mini mum values fo r chlor ophyll a concentrat ion , photosynthet i c 

pot ential and total parti culate volume for 30 met er s amples , Stat ions E-1 

and E-2. Number s i~ parenthesis indicate the time of measurement. 

Day Chloroph~l l a Photosynthet ic Total Part iculate 
(mg/m) Potent i al Volume 

(mg C/hr /m3) (µ3/ml X :i.0 6 ) 

max min. max. min. max. min. 

I 1.24 0.55 2.06 0.32 0.91 0.54 
(1300) (0100 ) (1500) (1300) (1300) · (O:i.00 ) 

0.43 
(2100) 

lI 1.i8 0.62 2.58 1. 3'/ u . -,J 7 0. 4'+ 
, (0700) (0900) (1700) (2 300) (0 300) ( 09GO J 

III 0.93 0.63 2.78 0.72 N/A N/A 
(1100) (1900 ) (1500) (0100) 

IV 0.55 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/m3/hr (0 --- 0), and 

3 6 Total Particulate Volume, JJ / ml x 10 (ti - ti) at 

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

Indicates the Period of No Measurable Light . 
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1000 and 1.28 mg C/m3/hr for Day IV, and 0.78 and 1.46 mg C/m
3
/hr 

on Day V. 

There was not an apparent diel va:riation in t ot a l particulate 

volume, although lower values were r eco1'ded during t he dark period 

on both days. Day IV varied between 0.5 8 - 0.84 x 10
6 

µ 3/ml (with 

6 3 
a minimum at 0300) while Day V had a range of 0.31 - 0.93 x 10 µ /ml 

with the minimum at 010 0 . 

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 

-12 3 part of the dark period, with a value of 0.99 x 1.0 mg chl-a/µ 

at 0300 on Day IV, and a value of 1.73 x 10-12 mg chl-a/µ 3 at 2300 

on Day V. During the light period on Day IV and V the ratios were 

-12 3 fairly consistant with a range of 0.63 - 0.82 x 10 mg chl-a/µ 

and 0.57 - 0.78 mg chl-a/µ 3 respectively for the two days. 

Photosynthetic potential per particulate volume varied erratically, 

although there was a tendency towards higher values during the dark 

perio·d. These maxima occurred at 0300 on Day IV, wit h a value of 

-12 3 -12 2.22 . x 10 mg C/hr/µ , and at 2300 on Day V (2.88 x 10 mg 

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

-12 3 1.71 x 10 mg C/hr/µ 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. Number s in parenthesis 

indicate the time of measurement . 

Day Chlorophyll a/ Photosynthetic Pote~tial/ Assimilation 
Particle Volume Particle Volume Ratios 
(mg/v 3 X 10-12 ) ( mg C/hr/µ 3 x 10-12 ) (mg C/hr / mg chl-a) 

max. 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 O.IJ.3 
(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) 

IV 0.99 0.63 2.22 1.37 2.73 1.18 
(030C) (1300 ) (0 300 ) (2100) (1300) (0900) 

V 1.73 0,57 2.88 1.15 2.83 1.50 
(2300) (0700 ) (2300) (1500) (1100) (0100) 

VI 0.93 0.73 2.48 0.41 3.40 0.40 
(0100) (0900) (1100) (0100) (1100) (0100) 

VII 1.07 0.67 1. 82 0.95 2.00 1.10 
(1900) (1100) (0 900 ) (2300) ( 1300) (0300) 
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FIGURE 8 

3 -12 Graph of Chlorophyll a Per Particulate Volume, mg/µ x 10 

(X -- X), Photosynthetic Pot ential Per Particulate Volume, 

mg C/hr/µ
3 

x 10- 12 (0 --- 0 ), and Assimilation Ratios , 

mg C/hr/mg chl-a (6 - -- - 6) at 30 meters , Day I V and V. 

Horizontal Dark Line Indicates the Period of No Measurable 

Light . 
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-12 3 
between 1.45 - 2.90 x 10 mg C/hr/µ . 

The assimilation ratios did not show any dfol variation. 

The dark period on Day V had lower values , but this was not the 

case during Day IV. Values ran ged bet ween 1 .18 and 2 . 59 mg C/hr/mg 

chl-a on Day IV, and between 1.47 and 2 .8 3 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 A11. 

The chlorophyll a concentration did not show large variations, 

although values on Day VII were slightly higher t owards the end 

of the light period and during t he dark period. The maximum range 

3 encountered over Day VI was 0.50 - 0.64 mg/m , with similar values, 

3 0.45 - 0.73 mg/m , 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 ,0ne i n the late afternoon. The maxima 

3 and (1. 39 3 on Day VI were at 1100 ( 2 .1 5 mg C/m /hr) 190G mg C/m /hr), 

while the maxima on Day VII were measured at (1.32 3 
0900 mg C/m /hr) 

3 and 1700 (1.15 mg C/m /hr). Minimum values for the photosynthetic 

potential were measured &t 0100 on Day VI, with a value of 
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FIGURE 9 

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

3 Photosynthetic Potential, mg C/m /hr (0 0) and Total 

Particulate Volu;ne , µ 
3 /ml x 10 6 ( b. - -- - b.) at 30 meters, 

Day VI and VII. Photosynthetic Potential fol lows the 

Inner Scale ; Chlorophyll a follows the Middle Scal e ; and 

Total Particulate Volume follows the Outer Scale . 

Horizontal Dark Line I ndicates the Period of No 

Measurable Light. 
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3 
0.25 mg C/m /hr, and at 2300 on Day VII, with a value of 

0,75 
3 mg C/m /hr. 

Total particula-+.:e volume did not sho,.; any diel variations , 

with similar concentrations throughout the two days . Values ranged 

6 3 between 0.62 - 0 ,87 x 10 µ /mJ. on Day VI, and between 0.63 -

6 3 
0.80 x 10 µ /ml on Day VII. 

Normalized Values Figure 10, Table 5, Table A12. 

The amount of chlorophyll a per par•ticulate 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/µ, while Day VI had a range of 0.66 -

1.07 x 10-
12 mg chl-a/µ 3

. 

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 

-12 3 on Day VI occurred at 1100, with a value of 2.48 x 10 mg C/hr/µ , 

-12 3 while the highest value for Day VII, 1.82 x 10 mg C/hr/µ was 

measured at 0900. A secondary maximum at 1700, Day VII, had a 

-12 3 value of L 73 x 10 mg C/hr/µ . Minimum values were measured 

-12 3 at 0100 on Day VI ( 0.41 x 10 mg C/hr/)..t) and at 2300 on Day VII 

(0.95 x 10-
12 mg C/hr/µ3

). 
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FIGURE 10 

3 -12 Graph of Chlorophyll a Per Particulate Volume, mg/µ x 10 

(X -- X), Photosynthetic Potential P~r Particulate Volume, 

mg C/hr/µ 3 x 10-12 (0 --- 0), and Assimilation Ratios, 

mg C/hr/mg chl-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 potentic1l/volume ratios . 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/m 3/hr, 

while Day V had a range cf 0.78 - 1.46 mg C/m3/hr. Days VI and 

3 3 VII had a range of 0.26 - 2.1& mg C/m /hr and 0,76 - 1.32 mg C/m /hr 

respectively. 

The data for the total particulate volume indicated a slight 

diel 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 µ3/ml, while Day V had 

a range of 0 . 31 - 0 .7 9 x 106 µ3/ml . Days VI and VII had part icle 

concentrations similar to the previous t v0 days of measurements, 

6 3 with a range of 0.62 - 0. 87 x 10 µ /ml for Day VI, and 0.63 -

6 3 0.80 x 10 µ /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/µ 3 , and 

between 0.57 and 1.73 x 10-12 mg chl-a/µ 3 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 

-12 3 values between 0.73 and 0 . 93 x 10 mg chl-a/µ on Day VI and 
... ,.., 3 

between 0.66 and 1.07 x 10-~L mg chl-a/µ 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. -12 The range on Day IV was 1. 37 - 2 . 22 x 10 mg 

~ -12 3 
C/hr(µv, while Day V varied between 1.15 and 2.88 x 10 mg C/hr/µ . 

The photosynthetic potential/volume rat ios on Days VI and VII 
. . 

varied between 0.41 and 2 . 48 x 10-12 mg C/hr/ µ3 during t he former 
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and between O. 95 and 1. 82 x 10-12 mg C/hr/µ3 during the latter. 

The assimilation ratios showed a diel variation (with 

minimun values during ~he 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-a and 0 . 64 -

2.00 mg C/hr/mg chl-a respectively . 

II . Oceanic Waters - Station E-1 

A. Surface Samples - Days I-III 

Absolute Values Figure 11, Table 2, Table A11. 

The amount of chlorophyll a present at the sur·face r anged 

3 between 0 . 66 and 1 . 33 mg/m during the three days, but there was 

no apparent diel variation . Dur ing Day I, there was a suggestion 

of lower values occurring in the dark period (with a maximum value 

3 of 0.77 mg/m 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 per·iod, and a maximum 

during the day. Overall, val ues during Days II and I II were greater 

than those measured during DayI . Duri!!g Days I and II, the maxima 

appeared in the late afternoon (17 00 hours ) with a value of 
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FIGURE 11 

3 
Graph of Chlorophyll a Concentration mg/m (X -- X), 

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

Total Particulate Volume, µ
3/ml x 106 (~ - - - - ~) for 

Surface Samples , Days I-III. Chlorophyll a and Total 

Particulate Volum~ follow the Inner Scale ; Photosynthetic 

Potential follows t he Outer Scal e . 

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/m
3
/hr on Day II. Two 

3 maxima, one at 1100 (3.52 mg C/m /hr) and an0ther at 2100 

3 
( 3.18 mg C/m /hr), were found on Day III . The minimum was measured 

3 at 2100 on Day I, with a value of 1.11 mg C_/m /hr, and at 2300 

3 on Day II, with a value of 1.65 mg C/m /hr. During Day III, the 

photosynthetic potential had minimum values between 1700 and 1900 

(2.18 - 2 . 33 mg C/m3/hr) as well as between 0100 and 0300 

(2 . 02 - 2.04 mg C/ m3/hr) . 

Total particulate volu.'!le varied erratically , with a range of 

0 . 62 - 1.29 x 10
6 ilml 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 10
6 

µ
3

/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/µ 3 for the three days. Values were fairly consistant until up 

1100 on Day II, but were more erratic after that time. 

Photosynthetic potential per pa~ticulate 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 

· 3 -12 Graph of Chlorophyll a Per Particulate Volume, mg/µ x 10 

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

mg C/hr/µ 3 x 10-12 (0 --- 0), and Assimilation Ratios, 

mg C/hr/mg chl-a (ti - -- - b.) for sur,face samples, Days I-III. 

Horizontal Dark Line Indicates the Period of No Measurable 

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

1.12 x 10-
12 mg C/hr/ µ3

, while the minimum on Day II occurred 

-12 3 at 0300 ( 1. 85 x 10 mg C/hr/µ ) • l-laxim1,;.m values were measur~d 

during the afternoon on Day I ( 2 .5 0 x 10-
12 mg C/hr/µ 3 at 1700) but 

were measured in the morning at 0900 , on Day II, with a value of 

-12 3 
4.36 x 10 mg C/hr/ µ . 

Like the chlorophyll a/volume ratios, t he photosynthetic 

potential per particulate volume values varied erratically after 

1100, Day II. When the two days were compared, Day II had higher 

-12 3 values ( 2 .70 - 4,36 x 10 mg C/hr/µ) than were recorded for Day I 

-12 3 
(1.12 - 2.50 x 10 mg C/hr/µ ). 

The assimi l ation 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/hP/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 ~t 

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 2.44 mg C/hr/ mg chl-a. 
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B. 30 Meter Samples - Days I-III 

Absolute Values Figure 13, Table 4-, Table A11. 

The chlorophyll a concentration at 30 meters showed a diel 

variation on Day I, decreas ing from a maximum value of 1.24 mg/m3 

at 1300, to a minimum of 0 .5 5 mg/m3 at 0100. During Days II and 

III, however, the concentration remained 

most of the values between 0.50 and 0.80 

fairly 

3 mg/m . 

constant, with 

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/m
3
/hr, while 

somewhat higher values were measured on Days I I and III, with a 

3 3 
range of 1. 37 - 2. 61 mg C/m /hr and O. 99 - 2. 78 mg C/m /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 µ3/ml. 

Normalized Values Figure 14, Table 5, Ta!:>le A12. 

Chlorophyll a per particulate volume was fairly constant, with 

' -12 3 
most values between 1.0 - 2.0 x 10 mg chl-a/µ . 

The photosynthetic potential per particulate volume varied 

considerably, but a diel rhythm was not obvious. There was a 

suggestion of higher values occurring during the day and decreasing 

during the dark period, but interpretation is difficult due to 
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FIGURE 13 

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

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

3 6 · 
Total Particulate Volume,µ /ml x 10 (l - -- - · lat 

30 meters, Days I-III. Photosynthetic Potential follows 

the Inner Scale ; Cr.lorophyll a follows th e Middle Scale; 

and total Particulate Volume follows the Outer Scale. 

Horizontal Dar k Line Indicates the Period of No 

Measurable Light . 
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FIGURE 14 

Graph of Chlorophyll a Per Particulate Volume, mg/µ 3 x 10-
12 

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

mg C/hr/µ 3 x 10-
12 

( 0 --- 0) and Assimilation Ratios , 

mg C/hr/mg chl-a (t - -- - t) 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 

3 -12 3 C/hr/ µ on Day I and between 1. 89 and 4 . 3Lf x 10 mg C/hr/µ 

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 conclus ive 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 

II, and 0100 on Day III , with values of 1.12 , 1.67 and 1.02 mg 

C/ hr/ mg chl-a respectively for t he three days . 

III . Oceanic Waters - Ocean Station P 

The measurements taken during the Station P cruise were 

designed to test whether the variability wh ich has been reported 

in the literature for photosynthetic potent ial and chlorophyll 

concent~ation, was a function of biomass changes, or caused by 

internal changes in the phytopl ankton, or both. This work preceded 

that of the Endeavour cruise, but because of difficulties 

encountered, t he data had to be interpr eted us ing some ccnclusions 

formulated from the latter . 
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Lack of instrumentation for particle counts made it necessary 

to p!'eserve water samples for l ater analys is . It was first thought 

that this would have little effect on t he total particulate volume, 

but it became evident after analysis that t here was a significant 

effect as data varied erratically . I t was felt that t he random 

breakdown of cells during preservation and t he subsequent shaking 

(to obtain a homogeneous sample ) r e sul t ed in a vari able 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 measur·ements 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 variat ion ), 

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

72 hom~s continuously, instead of the 24 hour sampling per iods done 

on the Station P cruise . 

The series of experiments at Stat ion P were designed to test 

whet her diel variation involving chlorophyll a and photosynt hetic 

potential showed any differences 9etween the total phytoplankton 

population and the nanoplankton fraction ( defined as those organisms 
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passing through a 44 µ-mesh netting) as well as whether differences 

between surface waters and 30 met er sampl es existed . The total­

nanoplankton set of experiments were done twice and will be referred 

to as Day A and Day B. Likew i se , the surface-depth study was done 

twice; Day C and Day D. 

Three laboratory experiments involving cultures of natural 

populations wer e 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, r efer 

to the Experiments A, Band C as Day E , Day F-G and Day H, r espectively ) , 

A. Total Nanoplankton Series - Day A, Figures 15 , 17, 19, 
Table 6, Tables A13 , A1 4. 

The chlorophyll a concentration ( Figure 15) at the surface was 

found not to be s ignificantly different between the total and 

nanoplankton groups , with values ranging between 0.25 - 0.50 mg/m3 . 

No apparent die l 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 (0 900 - 1500 hours) but was s lightly less than 

measured for the whole population over the r emainder of the 

experiment . These differences were slight , however, and it is not 

kpown whethe r the two groups , as defined , are distinct . 

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

morning maxima, decreasing to min i mum values by late afternoon, and 
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TABLE 6 

Maximum-mini.mum val ues for chlorophyll a concentration , photosynthetic 

pot ent ial and assimilat ion ratios for Days A and B (total-nanoplankton ) and 

Days C and D ( surface - . 30 meters ) a t ocean Stat i on P. Uu.mbers in parenthesis 

indica t e t he time of measurement . 

Day Chlorophyll a Photosynthetic ~otential Assimilation Ratios 
Concentration (mg C/hr/ m ) (mg C/hr/mg chl-a) 

(mg/m3) 

max. min . max . min. max. min . 

A - Tot a l o. 69 0, 36 0, 88 0. 38 2.44 0 .68 
(0900) ( 2300 ) (0700 ) (2100 ) ( C700 ) ( 1300) 

0.77 0.93 2.28 
( ""':'If'\"' ' .J. ..J U,.J J ( 1100) (110C ) 

A - Nano 0, 63 0.3 6 0.71 0.33 2 .09 0 . 69 
(0900) ( 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 
(1 300) ( 0100 ) ( 0 700) (2 100- ( 0700) ( 2100 ) 

2300) 
0.32 1.26 4.07 

(1100) ( 0 900) ( 1300 ) 

B - Nano 0.56 0.28 . 1.51 0.53 3. 54 1. 22 
(1300) (2300 ) (0 700) (2300 ) ( 0700 ) ( 2100) 

1.16 3.55 
( 0 900) ( 1300) 

C - Surface 1. 20 0.60 1. 8 4 0.77 2. 78 0. 96 
(1500) (01 00) (0700 ) (1900) ( 0 700) ( 1900) 

1.83 2.53 
(1100) . (0 9-'JO ) 

C - 30 Met er s 0.70 0.57 1.03 0 . 55 1.81 0.81 
(2300 ) (1100 ) (11 00) (1500) (1100 ) (1 500) 

• • (cont'd) 
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TABLE 6, cont'd. 

D - Surface 0,57 o. 36 1.37 0.85 3 . 50 1.97 
( 0700) ( 0500) (0700) (2100) (0500) (2100) 

0.52 o. 35 1. 94- 4.11 
(1500) ( 1300) (0900) (1300) 

D - 30 Meters 0.61 0.36 1.25 0,73 2.76 1.32 
(1900) (0900) (1300) ( 2100) (0900) (0300) 

0 . 48 
( 2100) 
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FIGURE 15 

Graph of Surface Chlorophyll a Concentration rng/rn 3 , 

for the Total Population (X -- X) and Nanoplankton 

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

FIGURE 16 

Graph of Surface Chlorophyll c: Concentration rng/rn3 , 

for the Total Population (X -- X) and Nanoplankton 

fraction (0 --- 0 ) :-or Day B. 

Horizontal Dark Line Indicates the Period of No 

Measurable Light . 
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increasing again at the onset of t he dark period. The val ues 

obtained each morning ( at the begi nning and end of the e;,periment) 

were similar - 0. 80 mg C/m3/hr at 0900 , and 0 . 88 mg C/m
3

/ hr at 0700. 

3 Low values were recorded between 1500 and 2100 ( 0 , 38 - 0.53 mg C/m / hr) 

with the minimum occurring at 2100 . (Values given are for the total 

population), 

The assimilat ion r atios ( Figure :l.9 ) also did not appear to 

differ between the total and nanopl ankton fractions but a diel 

variation was evident , Data given here will be for the total 

population only. Values decr eased from a morning maximum to a minimum 

during the afternoon , and remained low until the beginning of the 

dark period . They then gradually increased unt il 0700 when sampling 

was terminated , The maximum occurr ed 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 r a tios remained low be tween 

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 Series - Day B, Figures 16, 18, 20 , 
Table A6 , Tables A13 , A14 , 

. As with t he previous experiment ( Day A) there was no apparent 

difference in chlorophyll a concentration between t he nanoplankton 

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

Graph of Surface Phot osynthetic Potential, mg C/m3/ hr, 

for the Total Population (X -- X) and Nanoplankton 

Fraction (0 --- 0), f or Day A. 

Figure 18 

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

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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indication of a diel variat ion in chlorophyll a, with rr.ost values 

within the range of 0.25 - 0 . 50 mg/m3 . 

Photosynthetic potential showed a diel variation , but there 

were no difference s 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 t otal population were recorded at 0900 

(1 . 26 mg C/m3/hr ) and again at the end of the experiment at 0700 

( 1 .72 mg C/m 3/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 

3 
value of 0.52 mg C/m /hr . 

Assimilation ratios (Figure 20) also did not show any differences 

between the nanoplankton fraction and the total population . A diel 

vari ation was apparent , with values decreasing from the morning 

maxi mum to their lowest value at 2100. The ratios increased steadily 

after that time until the end of the experiment . Values (for the 

t otal population) were somewhat erratic between 0900 and 1700, but 

r emained within the range of 2 .70 - 4. 07 mg C/hr /mg chl-a . After 

1700, howeve r , the decrease was significant, r eaching its lowest 

value of 1 . 14 mg C/hr/mg chl- a 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 Sur·face Assimilation Ratios, mg C/hr/mg chl-a, 

for the Total Population ( X -- X) and Nanoplankton 

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

FIGURE 2 0 

Graph of Surface Assimi lation 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 5, Tables A13, A14. 

The concentration of chlorophyll a at the surface showed little 

variation during the sampling period, with most values within the 

3 range of O. 50 - 0 . 75 mg/m ( Figure 21) . Due to weather conditions, 

sampl ing at 30 meters was terminated after 2300 . Up to that time, 

however , the chlorophyll a at the lower depth was slightly less 

3 
than found at the surface, with an overall range of 0 . 57 - 0 . 72 mg/m. 

As with the surface samples , there was no indicat ion of ar1y 

rhythmical variation . 

Photosynthet i c 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 

3 1.71 - 1. 83 mg C/ m / hr . Minimum values for t he photosynthetic 

3 potential fell in the range 0 . 77 t o 0 . 85 mg C/m / 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/ m3/ hr ) may signify a decline , but this cannot be 

ve~ified a s sampling was terminated after 2300. The low values at 
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FIGURE 21 

Graph of Chlorophyll a Concentration , mg/m3, for 

Su~face Samples (X -- X) and 30 meters (0 --- 0), 

Day C. 

FIGURE 22 

3 Graph of Chlorophyll a Concentration, mg/m , 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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30 meters were similar to the minima measured for the surface samples. 

Minimum values were measured between 1300 and 2300 with a range of 

3 
0.55 - 0.77 mg C/m /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 r·atio 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 O. 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, A14 . 

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/m3/hr, for 

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

Day C. 

FIGURE 24 

Graph of Photosynthetic Potential, mg C/m3/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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3 The range in values at the s urface was 0.35 - 0 , 57 mg/m while 

3 
the 30 meter samples varied between 0 . 38 and 0 . 61 mg/m. 

The photosynthetic pot ential measuremc:nts at the surface 

showed a diel variation , decreasing from a midday waximum, 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 . 

3 Except for a ver,y high value at 0900 (1. 94 mg C/m /hr), the 

period from 1100 to 1700 hours had a fairly constant photosynthetic 

3 potential, with values between 1. 37 and 1. 42 mg C/m /hr . After 

1700 the photosynthetic potential decreased rapidly , to a minimum 

3 3 of 0,85 mg C/m / hr at 2100 . The values at 07 00 , 1.37 mg C/m / 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 from a morning maxima to its 

lowest value j ust prior to t he 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 . 

3 The maximum occurred at 1300, with a value of 1.25 mg C/m /hr. 

After 1 7 00 the photosynthetic potential decr eased to a minimum at 

3 
2100 of 0.73 mg C/m / hr . Values remained low between 2100 and 0300 

(range of 0.73 - 0.79 mg C/m 3/ hr) and then increased to 0.96 mg C/m3/hr 

by 0500 . 
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FIGURE 2 5 

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

for Surface Samples (X -- X) and 30 meters 

(0 --- 0), Day C. 

FIGURE 26 

Graph of Assimilati,')n Ratios, mg C/hr/mg chl-a, 

for S1J.rface 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 rat ios then increased until 0500 

but decreased at 070 0 . 

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-a occurred at 2100. By 050 0 the rollowing 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 3,0 meter samples 

showed slightly lower values after 1300 , but no diel variation 

was apparent . The maximum occurred at 0900 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, Band D were all similar with most values 

. between O. 3 and O. 8 mg/m 3 while values on Day C were slightly 

3 
higher, ranging between 0 , 6 and 1 . 2 mg/m . 

All four days showed a diel variation in the photosynthetic 

potential, decreasing from a midday maxir.1a to minimum values just 

prior to the dark period . Generally, the photo3ynthetic potential 

increased during the dark period, with values at the end of the 

experiments, similar to those r ecorded the previous morning . 

The lowest photosynthetic potential was recorded on Day A, 

which ra.~ged be t ween 0 , 38 and 0 . 93 mg C/m3/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 O. 85 - 1. 94 mg C/m 3 /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 Chad 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, Band C 
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were similar , near 1 . 0 mg C/hr/mg chl-a, but Day D had a somewhat 

h~gher minimum, 1 . 97 mg C/hr/mg chl-a . 

IV . Laboratory Experiments - Ocean Station P 

Three sets of laboratory e xperiments 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 ne cessary, 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 l aboratory experiments wil l be referred to as 

Experiment A, Experiment Band 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 r egimes . 

A. Lab Experiment A Figures 27 , 29, 31; 
Table 7 , Tables A13, A14 . 

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 
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TABLE 7 

Maximum-minimum values for chlorophyll a concer.tration , 

photosynthetic potentia.l and assimilation ratios for l aboratory 

experiments. Numbers in parenthesis indicate the time of measurement. 

Day 

Experiment A 
Lab Culture 

Control Culture 

Experimant B 
Lab Culture 

Control Culture 

Experiment C 
Lab Culture 

Chlorcph~ll a 
(mg/m ) 

max. 

1. 77 
(0600) 

min. 

1.28 
(1200) 

Photosynthetic 
Potent.ial

3 (mg C/hr/m ) 

max. 

3.97 
(1200) 

2.91 
(1800) 

min. 

1.59 
(0600) 

1.24 
(1500) 

1.99 
(0600) 

1.40 1.66 0.87 
(1500) 

1.24 
(1800) 

1.25 
(1800) 

0.81 
(0600) 

0,96 
(0900) 

(0900) (0300) 

1.13 
(0300) 

1.06 
(1500) 

1.05 
(1200) 

0.70 
(2400) 

1.96 
(0900) 

3. 20 
(2100) 

2.691 
(0900 ) 

1.50 
(0600) 

2.44 
(0900) 

1.47 
(1200) 

0.58 
(2400) 

0.70 
(2100) 

Control Culture 0.95 0.83 
(1800) 

1. 79 
(0600) 

0.39 
(2100) (0600) 

1.94 
(0900) 

Total Partic~late 

3 
Volume 

6 
(\! /ml X 10 ) 

max. 

3.12 
(1200) 

1.84 
(1800) 

0.92 
(0300) 

1.68 
(1200) 

2.89 
(2100) 

0.802 
(0900 ) 

2_.37 
(1200) 

1.85 
(0600) 

2.61 
(1200) 

1.88 
(0600) 

2.30 
(0900) 

min. 

0.90 
(0600) 

0,95 
(1500 ) 

0.54 
(1500) 

1.23i 
(0900) 

0.47 
(2400) 

0.86 
(2100) 

0.44 
(2100) 

1 Initial measurement of the experiment. 2 final measurement of the 
experiment. 
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FIGURE 27 

·Graph of Chlorophyll a Concentration, mg/m3, for 

Lab Cultures (X -- X) and Control Cultur'es 

(0 --- 0), Experiment A. 

FIGURE 28 

. 3 
Graph of Chlorophyll a Concentration, mg/m , 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 th2: same light- dark cycle, with the light period between 

0600 and 1800. 

Chlorophyll a concentration (Figure ?. 7) increased considerably 

in both cultures during t he experiment. The control increased 

steadily, from 1.40 mg/m
3 

to 1.99 mg/m
3

. The lab culture decreased 

during the first part of the experiment , but increased during the 

remaining period. The initial chlorophyll a concentration for the 

3 3 
la.b culture was 1.43 mg/m, which decreased t o 1. 28 mg/m after 

3 hours, but then increased t o a final value of 1. 77 mg/rri3. At all 

times, except the intial measurement, t he lab culture had less 

chlorophyll a than the control. 

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/m3/hr, and 

3 decreased t o 0.87 mg C/m /hr by 1500. By the end of the experiment 

3 values had increased to 1. 61 mg C/m /hr. 

The photosynthetic potent ial in lab culture varied erratically, 

betweeP- a low of 1.24 mg C/m3/hr (1500 hours) aud a high of 

3.97 mg C/m 3/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 .:ulture. 
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FIGURE 29 

Graph of Photosynthetic Potential, mg C/m3/ nr , for 

Lab Cultures (X --- X) and Control Cult ures 

(0 --- 0), Experiment A. 

FIGURE 30 

Graph of Photosynthet ic Potential, mg C/m3/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) calculat ed for the control 

culture decreased from a maximum at 1200 (midway in the light period) 

to a minimum three hours later . Values reillained low during the rest 

of the light period and first pai,t 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-a, decreasing to a minimum of 

0.54 mg C/hr/mg chl-a at 1500. From 0300 to 0600 the ratio 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, 30 , 32 ; 
Table 7, Tables A13. A14. ... . 

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 control culture 

did not change during the light period, but a slight inc11ease was 

measured during tne dark period. Values ranged between 0.83 and 

3 
0.95 mg/m. Chlorophyll a in the lab culture decreased during the 
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FIGURE 31 

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

for Lab Culture (X - - X) and 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 Dar k 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 a concentration in the 

control culture was s lightly less or about equal to the lab values , 

but after that time , the concentration in the lab culture decr eased 

relative to the control. From an initial concentration of 

3 3 
0.70 mg/m , the control culture increased to 0.96 mg/m at 0600. 

3 3 The lab culture decreased from 0. 96 mg/m at 0900 to 0 .70 mg/m 

3 
at 2400, but than increased to a final concentration of 0.81 mg/m . 

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. 

3 The control culture decreased from a value of 1. 93 mg C/m / hr 

at 0900 to a minimum of 0 . 39 mg C/m
3
/hr at 2100, and then increased 

3 to 1.79 mg C/m /hr at 0600 , when sampling was ended . The lab culture 

showed a similar pattern , with a maximum photosynthetic potential 

of 2.44 mg C/ m3/ hr at 0900 , a minimum of 0 .70 mg C/m
3
/hr at 2100 , 

and a final value of 1.50 mg C/m3/ hr . 

Assimilation rat ios ( Figure 32) calculated for the lab and 

control cultures showed similar diel variations with values decreas ing 

from an initial maximum at 0900 to minimum values in the dark period 

(2100 hours) and the increasing until the end of t he experiment. 
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As was folli,d for the photosynt hetic 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 0900 

i n 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-a 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 A14, A15 . 

During this experiment , the two cultures were preconditioned 

a s wi th Experiment A. The light-dark cycle in the lab culture, 

however, was oppos i te to that in the control culture , with the light 

period f or the former between 1800 and 0600 while the l ight 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 

3 between 0 . 85 and 1 . 3'+ mg/m . 

Photosynthet i c potential ( Figure 34) showed a diel variation 

f or both cultures , with maximum values occurring in the light period 

and a minimum during the dark period. 
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FIGURE 33 

G1'aph of Chlorophyll a Concentration, mg/m 3 , for 

Lab Culture (X -- X) and Control Culture 

(0 --- 0), Experiment B, 

FI GURE 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 Contr o l Culture (0 --- 0) , 

Experiment B. 

Horizontal Dark Line Indicates the Period of No 

Meas urable Light. The upper dark line r efers to 

the lab culture, the lower one refers to the control 

culture. 
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3 In the control culture, a maximum of 2 .69 mg C/m /hr was 

measured at 0900 , while the minimum occurred midway through the 

3 dark period, at 2400, with a value of 0 . 58 mg C/m / hr . There was 

little increase in the photosynthetic potential, however, during 

the remainder of the experiment (0.77 mg C/m3/hr at 0900). 

The lab culture reached a maximum value three hours after the 

3 
start of the J.ight period, with a value of 3.20 mg C/m /hr at 2100. 

Minimum values occurred in the dark peri od , with a va lue of 1.47 mg 

C/m3/hr at the beginning of t he experiment and 1.17 mg C/m
3
/hr at 

the end. 

The assimilation r atios (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 unt il the next 

dark period to 1.04 mg C/hr/mg chl-a at 09 00. 
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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 with in a cell , as 

well as an endogeneous mechanism controlling the photosynthetic 

uptake system, have a~l been suggested as reasons for the variations. 

To date, however, there has be en no work done in the field to 

isolate the cause of the variations, since phytoplankton biomass, 

chlorophyll concentr ation and photosynthetic potential , were never 

measured simultaneous ly . The data given in this discussion will 

attempt to clarify the factors r esponsible for the va.riations. 

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 s howe d a r egular, r hythmical variation. The 

time of the maximur.1 and minimum values are summarize d in Table 2 . 



88 

During Days IV and V, both chlorophyll a and total particulate 

volume remained higher during the day , decreasing at the onset of 

the dark per iod . The time of the maximum had shifted on Days VI 

and VII , however, with the total volume and chlorophyll a increasing 

rapidly during the afternoon until t he ervi of the light period . 

Values for the total part iculate volume and chlorophyll a are similar 

to others repor ted for May and Ju~e in the same area (Parsons , 1969 ; 

Stephens et al , 1969). 

The change rn 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 t he afternoon. 

Doubling times during these periods were short - in the o!'der of 

six hours. This is faster than most reported cell division rates 

(Jitts et al, 1964; Eppley and Sloan , 1965 ; 1966) but it is probab le 

that this increase occurs only once every twenty- four or more hours . 

The data suggest a synchronized cell division time. Eppl ey e t al 

(1971a),reported periodic cell di vision in cultures of natural 

populations , but he had not found any r eport of synchronous division 

in situ, although he acknowledged its probable existance . 

During the dar k period both the total particulate volume and 

chlorophyll a concentration decreased . This night decrease is 

probably a result of zooplankton grazing , pri~aril y by euphausiids . 
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Barraclough and Herlinveaux (1965) found that the deep-scattering 

layer in Saanich Inle t underwent di el variations existing near 

100 meters during the day and rising to -t:he 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 fi l ter apparatus with many 

setae and barbs on the thoracic appendages and Nemoto (1 967) has 

suggested that th i s 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 (1 967) 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 particl es having = 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 r egularity of the 
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photosynthetic potential suggest mechanisms other tha.'1 changes in 

biomass, and will be discussed subsequently . 

A different pattern occurs if chlor ophyll a and photosynthetic 

potential values are "normalizedn for biomass changes. The times 

of the maxima and minima are swmnarize d in Table 3. Al though 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 relati vely constant during the sampling 

period. This method of measuring phytoplankton biomass has been 

used previously (Parsons et al 1967; Shelden and Parson , 1967; 

Parsons, 1969; Evans 2I1d McGill, 1970) and the similarity between 

the chlorophyll a and the total volume curves,suggest t hat the 

variations are primarily due to phytoplanktoP- . 

It can be seen in Figm~es 4 and 6 that chlorophyll a per 1mi t 

particulate volume did not vary greatly, and that the pattern was 

irregular. There is sorr.e 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 is generally felt to occur in 

the light, Borograd (1 962) has s t at e d t h~t da~k synthe sis can occur 

in several species of algae. This was suggested by the data of 

Yentsch and Scagel (19 58) but most work with cultures of marine 

phytoplankton have shown chlorophyll synthesis to occur during the 
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light per•iod ( eg. Gib or and Meehan, 1961; Eppley and Coatsworth, 

1966, Jorgensen, 1966 and Gloos chenko, 1967). 

The decrease during the light period may be d~e 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 c, (Glooschenko, 1967) or chlorophyll c and 

carotenoid pigments (Yentsch and Scagel, 1958; Jorgensen, 1966J. 

Chlorophyll a is the only pigment which is able to transform l~ght 

energy directly into chemical energy ( Rabinovi.t ch and Govindjee, 1969) 

which may be the reason that better correlation between c14 -

uptake and chlorophyll a tha...~ 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, decreasi~g 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 
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on Day V cannot be explained . The curve, resembling a s ine curve , 

is suggestive of some endogeEeous 1°hythm, often found in nature 

(e g. Hastings, 1960; Pittendrigh, 1960 ; Bunning , 1964; CuJTtming and 

Wagner, 1968). Such a rhythm has been suggested for the variatior-s 

found in photosynthetic potential for phytoplankton by Doty and 

Oguri (1957 ), Yentsch and Ryther (1957), Ryther et al (1958), 

Shimada (1958 ), Lorenzen (1 96 3), McAllister (1 963 ), and Newhouse 

et al (1 967 ), alt!-iough only Newhouse had accounted for changes in 

biomass. Diel rhythms rn photosynthetic potential per cell have 

been reported in cultures of marine ~hytoplankton by Jorgensen (1 966 ) , 

Sweeney (19 65) , and Paasche (1968 ). 

The actual mechan ism for these rhythms has not been found but 

Jorgensen (1 966 ) and Sweeney (1 969 ) 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 r hythms found in photosynthetic potential may 

be an endogeneous rhyttm in chlorophyll content . This was found 

for an angiosperm ( Mitrakcs , 1963) and suggested by Steemann Ni elsen 

and Jorgensen (1 968 ). 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, photosynth et i c 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 ass imilation ratios (with day maxima and 

dark minima) have been reported by Shimada (1958 ), Lorenzen (19 63) , 

McAllister (1953 ), Newhouse et al (1967), Malone (1971), and 

Eppley et al ( 1971a). El-Sayed ,u1d Maridelli ( 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 ce lls. 

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 also felt that these changes are not the direct res ult 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 samplir.g was done early in 

the year (April), and 8ince 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 as similation rate s have been shown to 

vary (Goering et al 1964; Eppley e t al 1970 ; Eppley et al 1971b) , with 

&, increase during t he dark period . F.pp l ey et al (1971b ) sugges ted 

a subtle control mechanism such as an endogeneous rhythm, but no 

mention was made on whether this might be responsible for the 

variations in photosynthes is. 

Temperature changes were not large over the period (Appendix I, 

Table A4 ) the grectest range occurring during Days VI and VII 

0 (8.3 - 10 . 2 C) . In addition, the variations in t emperature did not 

correspond to the variations i n photosynthetic potential. Incubat or 

0 temperature was kept constant at 8. 0 C and the re-latively small 

differences between the in 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 cul t,lI'es where 

temperature was kept constant, and a rhythm persisted (see Se ction V 

of the Discussion). Sweeney (1969) showed that with Gonyaula.x 

polyedra, the rhythms in photosynthetic potent i al were temperature 

independent. 

Although salinity values varied (Appendix I, Table AS), t hes e 

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 l ab cultures, kept at a constant 
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salinity (Section V) also showed a diel rhythm. 

Incident light varie s periodically and many authors fee l that 

this may be the timing me chanism to which the photosynthetic potentlal 

rhythms are set (Hastings and Keynan , 196 5). 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 GonyauZax (Hastings et aZ 

· 1961 ), and in constant dark conditions during a laboratory experiment 

done at Station P (Section V) . 

The light intensity of the incubator was not f elt to have 

affected the measurement of photosynthesis as it was less than maximum 

values for incident light. The long incubat ion period would offset 

any inhibition effect on s~~ples collected during the dark period . 

Excretion of dissolved organic matter has been reported by several 

authors (Nalewajko , 1966 ; Anderson and Zeutschel , 1970; Samuel et aZ , 

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 r e tained 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 Pa:r-ticulate 

V l / 
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X 10-12 . f S f o ume, mg µ _, o:r. ur ·ace 

Samples, Days IV- VII . Day IV-V - X 
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FIGURE 37 

Above: Graph of Chlorophyll a Per Particulate 

Volume, mgiµ 3 x 10-12 , 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 al though excretion is 

probably present, it is either constant or its variation is less 

than the variation in particulate carbon retained. 

Although it was not possibl e 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 credibility to any conclusions. In 

all, four,twenty-four hour t ime studies were done ( Day IV to VII). 

It can be seen t hat the changes in chlorophyll a per part iculate 

volume (Figure 36) are small with no apparent die l r hythm. 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, 

de creasing 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 f ound at the s urface in chlorophyll a, 

photosynthetic potential and total particulate volume, were not 
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FIGURE 38 

Graph of Photosynthetic Potential Per Particulate Volume, 

3 -12 mg C/hr/µ x 10 , 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 

Horizontal 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 concent::..,ations remained esse:itially unchanged 

during Days IV to VI, with only a slight in~rease occurring during 

Day VII. Although values wer e lower than a.t the s urface, they 

were measurab l e , ar..d comparable to other data collected in June 

for Saanich Inlet and surrounding waters (S tephens 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 orgar.isms 

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 res ult of the nanoplankton 

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

the dark period, when grazing factor's reduced the surface biomass. 
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The smaller population at 30 meters could be due to either 

minimal or constant 24 -hot.r grazing , with the jeeper 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 (1971) shows a considerable 

population of Euphausia paeifica 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 m~ters was estimated from subsurface 

light measurements , which were done on Day IV and Day VI (see 

Ap~endix I, Table A10) . The ext inction coefficients for the two days 

were 0 . 203 and 0 . 204 respectively . 

Light may be a limiting factor for phytpl ankton growth at this 

depth, which could expl ain 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 (Str ickl&7d , 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 .001 ly/ min) . Although viable 

phytoplankton have been found at depths greater than 0 .1% light, 

associated with the chl orophyll maximum layer (Anderson, 1969), it 
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is not known whether the low biomas s at 30 meters i s a direct re sult 

of the low light values . 

When the chlor ophyll a and photosynthetic uptake values were 

normalized for biomass changes , there were some periodic variations 

found in the photosynthetic potential and ass imilation ratios, but 

not for chlorophyll a (Fi gures 8 a~d 10; Table 5). 

Chlorophyll a per particulate volume did not show much chcmge 

except for an increas e during the dark peri od on Day V. This dark 

increase is also suggested for curves during Day IV and VII, but 

not for Day VI. If thes e increases are real, it would reflect 

chlorophyll s ynthesis as mentioned previously for the surface samples 

(page 90). However, the decrease in values during t he day cannot 

be explained,as phot o-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 

SkeZetonema aostatwn. Although the light intensities are similar to 

those at 30 meters during Days IV-VII, his r esults wer e reversed, 

with increased chlorophyll per cell during the day. He had also 

found increases in situ in chlorophyll a and a, at 50 meters, at 

several oceanic s tations, and although hi s measurements were not 
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corrected for biomass cha..,ges , he suggested the variations were 

largely intracellular. Yentsch and Scagel (1958 ), however , found 

no variations in pigment per cell in samples collected at 2 5 meters . 

Photosynthetic potential per particulate volume variations 

were not clear at 30 meters, particularly during Days IV and V 

where a~ 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 lowe r depths . Many 

authors have hypothesized that phytoplankton living near t he bottom 

of the euphotic zcne had incr•eased chlorophyll content per cell, 

as a mechani sm for increasing photosynthesis (eg. Steemann Nielsen 

and Hansen, 1959; Yents ch and Lee,1966; Steemann Nielsen and 

Jorgensen, 1968; Anders on, 1969 ), but this was for over long periods 

of time and no mention was made of daily variations . 

Assimilation rat ios ( 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 Day V. The data 

for Days VI and VII were similar t o photosynthe tic potential /volume 

ratios , with maximum values during the day, and decreasing during 

the dark period (Table 4). The variations were not as gr~at as 
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those found in the s urface samples . Curl and Small (1965) on the 

other hand found little change in assimilation ratios at depths 

near t he 1% light l evel. 

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 r hythm in photosynthetic 

potential ( Figm~e 40) a~d assimi lation ratios ( Figure 41), with 

maxima during the day and minima in the dark period. This r hythm 

is similar to the pattern fomd in the surface samples but the 

amplitude at 30 meter s was considerably less. The lack of a r hythm 

in chlorophyll a/volume plus the similarity between the photosynthetic 

potential/volume and assimilation ratios , indicatesthat the rhythm 

exhibited by t he photosynthetic potential is independent of 

chlorcphyll a . 

Temperature , salinity, or nutrient concentration , ar•e also 

not believed t o be the cause of the variations in photosyntheti c 

potential. Temperature of the incubatol' was kept at 8° C, which was 

the same temperature as found at 30 meters (Table A4) , while constant 

values for salinity (Table A6) indicated that the same water mass 

was sample d each time . Nitrates ( Table A2 ) also did not show any 

diel periodicity, with concentrations r emaining 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 

3 -12 
Volume, mg C/hr/µ x 10 , at 30 meters, Days IV-VII . 

Day IV - V - X 
Day VI - VII - 0 

Horizont~l Dar\ 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 ~hotosystem I ( see Rab inowitch and Govindjee, 

1969). Jorgensen (1 966) sugg0sted that the variations in photo­

synthetic potential were due to chai7ges in photosynthetic enzymes , 

although he did not state which one(s) . In a later paper , 

Sweeney ( 1969 ) showed that the activity of ribulose di phosphate 

carboxylase (the first enzyme involved in the dark r eaction uptake 

of CO
2

) 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 s u.i.½strate concenti-,ation 

(ribulose diphosphate) or to bica~bonate concentration . 

A variation in the enzyme activity was also found in lucife1~ase 

(Bode , as was reported by Sweeney, 1969) , which presumably 

regulates the die l periodicity in luminescence, found in GonyauZ.ax 

(Sweeney and Hastings, 1962 ). Die l variations in nitrate and 

nitrite uptake rates have also been sh0vm to be regulated by changes 

in enzyme activity (Eppley et ai 1971b). 

Hastings and Keynan (1965) summarized work on the possible 

mechanism involved in photosynthetic uptake rhythms in GonyauZ.ax , 
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Salinity was not the ~ause of the cbserved rhythms , since 

values either r emainec. constant, or t:.riderwent random changes due 

to precipitation. In the l ab expe~iments, salinity was constant, 

while variations in photosynthetic potential were still pr esent . 

Nutrients were also not r esponsibl e f or the variations in 

photosynthetic potential . Diel variations in nutrient concentrations 

have been r ecorded ( Ryther et al , 1961) but were not found during 

this study. The lab experiment s showed a s t eady decrease in nit rate, 

with a rhythm i n the photosynthetic potentia1 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 r elationships as photo­

synthetic potential . Cptake rates were not follcwed in this study 

and consequently it is not kno,m whether variations in photosyntheti c 

potential were a res:11 t of changes in nutrient assimilation, or 

whether both are expressions of some common "biological clock" . 

The latter , however, is suspected. 

In Gonyaulax polyedria, the mechanisms involved in the rhythm 

of photosynthetic potential have been studied by B.M . Sweeney, 

J.W. Hastings, and co- worker s . It has heen shown by them that the 

rhythmicity in photosynthetic potential is pers istant for several 

days in dim continuous light, is relatively temperature independent , 

and that the r hythm pattern can be shifted by changes in the 
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to show this r hythm when normalized f or changes i n b iomass or 

chlorophyll a concentraticn. Furthermore, t h is r hythm was 

observed in all the envi ronments studiec. - i nshore wat ers at the 

sui,face and at 30 me t er s ( al t:hough. the r hythm amplitude is dampened 

at the lower depth), on two differ ent occas ions in time and space 

for surface open ocean wa t ers (Stat ion E-1 and Station P) and in 

cultures of natural populations of oceanic phytoplankton. This 

rhythm was also shown, in t hese cultures , t o continue under 

conditions of constant dark . : n addition, the timing of the 

photosynthetic potent ial rhythms, could be shi fted by a change in 

the light-dark cycle . 

The rhythms were :not the r esult of dail y temperature changes. 

In situ temperature variat i ons we1,e slight (at 30 meters they did 

not change at all ) and the magnitude was always less than 4°C. 

Furthermore , changes in photosynthetic pot ential occurred when 

there was no corresponding chan ge in t emperature. In addition, a 

rhythm was found at 30 meters , a1though t he temperature was cons tant . 

In the laboratory experiments, where t emperature was kept constant, 

a definite rhythm in photosynthet i c pctent ial remained . This agrees 

with the work of Sweeney (1960 ), in whi ch the periodic 

variations in photosynthet ic variat ion wer e found to be relatively 

independent of temperature. 
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continuous dim light , cell division , photosynthetic potential and 

lumin0scence all had a diel rhythm persisting for several days. 

These rhythms were found to als o be shifted in timing , by the 

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

VII. The Possibility of Circadian Rhythms 

In Marbe ?hytoplankton 

It has been folli,d during the course of this study , that the 

measurements of chlor'OJ)hyll a ccmcer.tration and total particulate 

volUT!le_ 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 inshore location, and at 

both surface and 30 meters in the open ocean . 

The variat ion in chlorophyll a concentrat i on was attributed 

to changes in the biomass (thought to be primarily due to grazing) 

as s een 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 da11k period fo und on 

several occasions . Chlorophyll a synthesis dt1ring the dark was 

suggested for the cause of the increases. 

On the other hand , photosynthet i c potential , while showing a 

definite di el periodicity in population measurements , also continued 
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decreasing to a minimum near the initiation of the da.r•k period, 

and increasing again during the dark. The failure of the photo­

synthetic potential and assimilatiou ratios values to reach the 

level of the previous light period for Experiment A and B, may be 

a result of nutrient depletion as measurable 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 values . Unfortun2.tely, 

it is not kno~TI what the l i miting nutrient might be . 

A diel variation in nitrate was not fou.nd 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 intens ity (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 2.nd 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, 1909 ). 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 , w::.th both cultures showing similar 

va l ues (Figure 33) . 

Photosynthetic potent ial (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 . 

Assirailation ratios wen~ similar (Figure 35 ; Table 7) . Both 

cultures had maximum values during the light period , decreasing 

in the latter part of the light period to a minimum during the 

dark period . 1'here 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 assiraila~ion 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 

r atios 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 in situ at Station P , with morning or midday maxima, 
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A diel variation in assimilation r atios was found i n the control 

cultm'e for both Experiment A aiid C, with :naxima at the begi nning 

of the light cycle, and min ima just prior to t he dark period 

( Figures 31 and 32 ; Table 7) . Both e xperiri1ents showed a subsequent 

increase during t he dark period . The l ab culture in Experiment A 

was erratic , but maximum and minimum values corresponded to those 

in the control cultur e . During E~<periment 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 s urprising, since in both e xperiments 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 previous ly SUf;g-= sted (page 92) that so"T..e prereq,1iste 

or 'substance ', required for t he photosynthetic uptake of carbon, 

may be built up during the dark . The l ab culture, kept in continuous 

dark, would then have relatively more of this unknown element t han 

the control culture. 
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decrease in chlorophyll relative to the control culture . However , 

this does not explain the increas es in the dark which occurred in 

both cul t ·u.res. Dark synt hesis of chlorophyll a has been s uggested 

earlier in the thesis (page 90 ) , &"ld may be occurring here as wel.l. 

More likely, the increases during the experiments are a r esult 

of cell division , while grazing by rnicrozooplankton , !10t removed 

by the plankton netting (1 00 - micron mesh ), could account for 

the decreases observed. 

The cont rol cultures of Experiment A and C both showed a diel 

variation in photosynthetic potential (Figures 29 and 30; Tabl e 7). 

These values decreased during the light period to a minimwn e ither 

just prior to the dark period (Experiment A) or j ust after its 

initiation (Experiment C) . kn increase durin g the dark period was 

found in both studies, but only Experiment C values r•eached a level 

comparable to the start of the sampling . 

The lab cult ure for Experiment A did not show any r egular 

variation, except that the maximum occurred in the first part of 

the light period, and the minimum corresponded to the minimum of t he 

control culture . The r esults from Experiment C we r e diffe r ent , 

with the lab cult ure having a rhythm in phot osynthetic potential 

identical to the control cult ure . In both experiments , the l ab 

cultures had higher photosynthetic potential than in the control. 
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diel variations in photosynthet i c potenti al r emained during a 

continuous dark period , and ~hether the phase of the rhythm could 

be shifted by a change in the l i ght-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 t hird day, the lights in the lab 

culture were kept off. 

During Experiment A, t he chlorophyll a concent:riation increased 

continuously throughout the sampling period with the control culture 

showing consistantly higher values (Figur es 27). However, the 

increase in chlorophyll a was not as great during. Experiment C. 

During that experiment, values for the l ab and control culture 

were similar until midway through the s ampling period, after which 

the control culture showed a higher conce,1tration of chlorophyll a 

(Figure 28). There was no indication of a diel variation in either 

experiment. 

It is not known whether thes e change s 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 continuous dark 

treatment of lab cultures could have resulted in a 
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Nitrate values (Appendix I , Table AS ) wer e always high , 

suggesting , as was concluded by McAllister e-t aZ (1960 ) for the s ame 

locat ion, that nut rients were not limi~ ing. 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 t y changes in biomass , such as grazing or 

water transport. This has been suggested as a partical cause at 

Station P by McAllister (j 963) . However, it has been shown for 

the oceanic waters at Statj_on 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 a.re 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 pl1otosynthetic. mechanism . 

VI. Lab Experiments 

The lab experiments were conducted on natural populations 

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

3 Graph of Photosynthetic Potential, mg C/m /hr, 

for Surface Samples, Days A-D. 

Day A - X 
Day B - 0 
Day C - t:, 

Day D - 'iJ 

FIGURE 52 

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

for Surface Samples, Days A-D . 

Day A - X 
Day B 0 
Day C - t:, 

Day D - 'iJ 

Horizontal Dark Line Indicates the Period of No 

Measurable Light. 
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light intens ities, ove11 a 2L~-hour period . Steemann Nielsen and 

Hansen (195 9 ) however, have suggested a g:--eater efficiency for 

surface plankton relative to deeper s~~ples on th e bas is of 

incr eased enzymes for the surface popui_at5.on. 

The photosynthetic potential for the sm,face samples were 

measured on four different occasion s ( Days A-D) and are shown in 

Figure 51 . A similar rhythm was found on a ll four days , with 

maximum values durin g the morning and a minimum just prior to the 

dark period (2100 hours) . All days showed a subsequent increase 

during the dark period to 2 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 ident ical t o those reported by 

McAllister ( 1963). He foun d 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 compared to those collected during this study , 

in the summer of 1969 . 

Temperature , salinity and nutrients were not f elt to be t he 

cause of the observed var i ations . 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 attribut ed to the mixed nature 

of the water column ). 

The lower efficiency in the photosynthetic uptake mechanism 

during the dark period may be due to t he depletion of some 

'substa~ce ' 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 period. 

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 , ai,d hence the lower photosynthetic 

pot ential 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 unknovm . 

The synthesis of this substance may be regulated by some biological 

clock mechanism, and is discussed more completely in Ser:tion VII of 

the discussion . 

Unfortunately, there has been no literature foillld for the 

measurement of assimilation ratios in phytoplankton grown at different 
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The differences in assimilation rat ios between the surface 

a.,d 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 s urface light (a maximum of 

0.002 ly/min) for Day C and 6% on Day D (a maximum of 0 . 008 l y / 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 s tudies done in Saanich 

Inlet ( Section II of the discussion1 and it is felt that the 

relatively low light of the incubator (less than the obse:r'ved 

maxima for incident light) would not affect the photosynthetic 

uptake to any larg~ 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 t he surface minima. A similar 

phenomena was found in Saanich Inlet ( Station E-2) during Day VI 

and VII, with a suggestion of it occurring on Days IV and Vas 

well ( see Section II of the discussion) . (The similarity between 
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the opposite , with the 30-met er s amples having higher values 

( Figure 22) . 

For the surface samples, both Days C and D showed a higher 

chlorophyll a concentration in the afternoon , followed by a slight 

decrease towards the dark period (Table 6). This is simil ar to 

Days A and B but again caution is required due to the low chlorophyll 

concentrations . As was s uggested 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 va lues measured in the mcrnir.g . 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 lowe!', but during Day D, there 

is a suggestion of a variation similar to the surface samples , 

although the amplitude of the r hythm was much smaller . Differences 

between the Sll.t>face 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 t his study. Earlier in this thesis, the chlorophyll a 

per particulate volume was shown t o be relative l y constant , and that 

changes in chlorophyll a concentration were due mostly t o changes 

in biomass. 

Photosynthetic potential showed a diel variation, although the 

pattern was not exactly symmetrical be t ween the t wo days (Table 6 ). 

Maximum values were found in t he morning , and decreased t c 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 syrri~etrical with, photosynthetic 

potential. Lowest values on Day A were reached in the afternoon, 

after a morning maximum but did not shoi,; any increase until the 

dark period. Day B decreased f-.com a mlc.day maximum to a minimum in 

the dark period, and then incr'eased again. On both days the dark 

period increase in assimi lation ratios occurr ed 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 t erminated 

at 2300 hours, but the data obtained indicated only slightly higher 

chlorophyll concentrations at the surfac~ (Figure 21). Day D, showed 
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groups for either chlorophyll a concent r ation ( Figures 15 and 16) 

or in photosynthetic potent ial (figures 17 and 18). This is not 

unexpected as t he por e size cf the netting used f or 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 s ame locat ion (McAllister, et al 

1960). The plankton classification of Dussard ( giver, in Sheldon 

and Parsons, 1967) places nanoplankton be t ween 4 and 20 microns . 

In an inshore location such as Saanich Inlet, the 44-micron netting , 

on occasion, would separate out many organisms , particularly chain 

diatoms such as Skeletonema sp . and Chaetoceros sp . However , 

microscopic examination of samples a t Station P showed only single 

celled diatoms such as Coscinodiscus s p . and Nitzschia sp . plus 

unidentified flagellates - all l ess than 20 microns in diameter or 

length. 

Chlorophyll a concentration did not •1a"'!:'y much during Day A, but 

on Day B, a maximum in the morning and afternoon followed by a 

decrease in the dark period , was noted (Table 6) . This same pattern 

was also found by McAllister (1 963 ) at the same location , but as 

he pointed out, t he 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 t he increases in the afternoon 

and morning . 
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an endogeneous rhythm affec·ting the photosynthetic mechanism, but 

not caused by changes in ch~orophyll a. As was found for the 

inshore waters and the surface ocea.11ic wutei,s , temperature, salinity 

and nutrients (Appendix I, Tables A3 , A5 ar.d 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 A10). 

However, it is felt that light inhibition during the measurement 

of the photosynthetic uptake was not significan.4 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 , i t is believed that the rhythms 

repo:rt are not directly caused by variat i ons in light. This is 

similar to conclusions made for inshore an<l surface oceanic waters 

(Sections I-III), 

V. Oceanic Waters - Ocean Station P 

During the studies of total and nanoplankton populations at 

the s urface, there were no measurable differences between the two 
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FIGURE 50 

Graph of Assimilation Ratios, mg C/hr/mg chl-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 - 0 

Horizontal Dark Line Indicates the Period of No 

Measurable Light. 
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rhythms that were fou.'1d,as changes in intensity at 30 meters were 

slight, and the variations were not in phase with th<:! photosynthetic 

rhythm. These conclusions are the same as found for the surface 

samples (Section I). 

When the chlcrophyll a 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 photosyr.thetic potential per 

particulate volume was lower at 30 meters (Figures 44 and 45) which 

also may be due to i~creased 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 a'1d photosynthetic 
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FIGURE 42 

Below: Graph of Chlorophyll a Per Particulate 

3 -12 
Volume, mg/µ x 10 , at the Surface 

(X -- X) and 30 meters (0 --- 0), 

Day IV-V. 

FIGURE 43 

Above: Graph of Chlo~ophyll a Per Particulate 

3 -12 
Volum~, mg/µ 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. 



Cl) 
w 
::> 
-' 
~ 
0 
!.tJ 
N 
:J 
<{ 
~ 
0: 
0 
z 

2·0 STATIOM E-2, DAYS VI-VII 
CHLOROPHYLL A RATIOS 

~ · z· 

X 

I X t 

t ----..v ~ ,,,Jt' 
l':1 --<>-----0 I ..0... ..0... -< I 0.-----0-- Z 2 -- --<>----..0.----0--- Z ---o---~---~--- I'-... o----o Z O I I i ~ '--cL--0--

2 0 ~ 

I 

l 

0 
~C,--... I 

' --0--Z ---.g----g 
I 

0·0 I I I I I I I ! I L I I I I I I J I I J I ! __}.___.. _ __._ _ _, 

2·0 

DAYVI 

STATION E-2, DAYS IV-V 

CHLOROPHYLL A RATIOS 

)J: 

~ ~, / 

✓ ~ y ..---. -'.\_ . 

DAY VII 

l;( 

)( 

~I 

X ✓--- " 
---0----- v----.O·---J2----?" I 0 

o. ____ -0.. -- t 0 
z a ----o--- o--o---'r---?----

z 

O·O -------
09 II 13 Ir ,) 

' 
17 19 21 23 01 03 05 07 09 11 

DAYIV 
13 

LOCAL TIME (HOURS) 

15 

i 

.... .. 
J I ,1, ft J 

17 19 21 23 01 03 05 07 09 
DAY V 



109 

FIGURE 41+ 

Graph of Photosynthetic Potential Per Particulate 

3 -12 Volume, mg C/hr/µ x 10 , at the Surface (X -- X) 

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

Horizontal Dark Line Indicates the Period of No 

Measurable Light. 
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FIGURE 45 

Graph of Photosynthetic Potential Per Particulate 

3 -12 Volume , mg C/hr/µ 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 Assimilat::_on Ratios , mg C/hr/ mg chl-a , 

at the Surface (X --- X) and 30 meters (0 --- 0), 

Days IV and V. 

Horizontal Dw"'k 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 -- X) and 30 meters (0 --- 0), 

Days VI-VII. 

Horizontal Dark Li~e Indicates the Period of No 

Measurable Light . 
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potential/volume at 30 meters, can be par t ly explained by the 

increase in detritus. Sheldon and Pars ons ( 1967) state that both 

particle size and concentration may increase with depth because of 

settling. 

It is also possible that there is s ome light injury of cells 

in the 30 meter sampl es , due to the relatively higher light 

intensities in the incubator compared to. in situ values . This 

would lead t o an underestimate of both photosynthetic potential/ 

volume and assimilation ratios. Unfortunately, this possibility 

was not followed. It should be noted, however , that photosynthesis 

at 30 meters was not completely (if at all ) inhibited, and that 

during Days VI and VII at least, there i s some indication of a 

diel variation. The similarity of the assimil ation ratios values 

between the surface samples and 30 meters , also s uggests that there 

is little light inhib ition at the lower depth . 

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 s ummarized in Tat l c 2 ) de creased from a maximum in 

the afternoon to a minimum in the dark period , increasing again 

before the start of the next light per iod. However, both chlorophyll a 

and total volume decreased aga~n during the morning of Day II. 
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Neither chlorophyll a nor total 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), McAlliste r (1963), and Wood and 

Corcoran (1 966) . 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 pat t ern over Day I and II, and fluctuated 

very little. Conversely , photosyntheti c potential/volume showed 

a definite diel variation with the maximum occurring in the 

afternoon ( Day I) or morning ( Day II ). 1inimum values on both days 

were measured at the beginning of the dark period. Assimilation 
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ratios paralleled photosynthesis except that the maximum of Day II 

was shifted to the afternoon. 

Both photosynthetic potential 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, wi th increased agitation stimulating carbon 

uptake by the organisms. It had been noticed on previous cruises 

that plankton filtered through nett ing tended to have a higher 

uptake of carbon-14, t han samples that were not filtered. 

The data for the chlorophyll a per total particulate volume 

are not in agreement with Glooschenko (1 96 7). He suggested that 

the changes in chlorophyll ir. 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 aZ (1958), 

Shimada (1958), McAllister (1963) Goering e t aZ (1964) and 

Eppley et aZ (1971a, for cultu!'C:3 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 aZ (1972.) 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 mechunism 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 Ai, A3, A5 , respectively) showed little variation during 

the study and are not felt to be the mechanism in controlling 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. 

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, 

3 -12 mg/µ x 10 , at the Surface ( X -- X) and 

30 meters (0 --- 0), Days I an<l 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 a.,-:i d II . Howe ver, with both photosynthetic potential peri 

uni t vol ume , 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 

f or photosynthetic potential per volume and as s imilation 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 warer column , and is supported by 

the temperature and salinity data . This mixed layer is not uncommon 

for an ocean i c environment , (Pickard , 1963) . 

The diel nature of the variations in photosynthetic potential, 

and the parallel pattern shown for the assimilation ratios, suggest 
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FIGURE 49 

Graph of Photosynthetic Pot ent ial Per Par-ticulate 

3 -12 Volume , mg C/hr/µ x 10 , 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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based on biochemical inhibitors of various reactions or compounds. 

They speculated thi:it "rhythmici·ty is in some way dependent upon 

the cells normal ability to synthesize a specific RNA . The act ion 

of this RNA does not seem t o 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 (19 69 ) 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 effic~cy of 

the photosynthet i c 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 dur·ing the day 

which required resynthesis during the dark peri od. Because of 

the similarity of the efficiency between the SU!'face and 30 meters 

during the dark period, it was felt that the deeper sampl es 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 synthes is 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 m~ influence the biological clock. Light 

quality has been shewn to affect photosynthetic pigm2nts 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 photosynthetic mechanism , by being able to alter t he 

timing of the rhythm. :urther work i nto the effects of light on t he 

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 r esult of an endogeneous 

rhythm, regulatir.g photosynthetic u9take mechanism of a cell. These 

rhythms are independent of small envir onmental 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 concer·ning the photosynthetic potential, 

follow the definition of a circadian rhythm - eg. a twenty-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 an<i 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 fou_nd to be enhanced by water stability 

and periodic zooplankton migration , in which the increase ir. 

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 i~ photo­

synthetic potential per particulate volume. Slight increases in 

chlorophyll a/volume were fou_nd during the dark period, suggesting 

some chlorophyll a synthesis . 

Diel rhythms in photosynthetic potential existed at the sui-·face 

at all stations sampled, and were attributed to variations of some 

internal mechanism, rather tha., to changes in biomass, or to the 

variations of chlor·ophyll a ;.;i thin 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 pho·tosynthetic potential were not the 

direct result of changes in temperature, ni ti,ate 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 t he 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 

1. Measurements of chlorophyll a, photosynthetic potential and 

total particulate volume were made every two hours for 24, 

I.jg or 72-hour time periods. The stations were located in 

both inshore and oceanic environments. 

2 . Diel variations in the three measurements wer e found to occur 

in inshore waters at the surface but not at 30 meters 

( compensation depth). These va11iations were attributed to 

zooplankton grazing during the da~k period. 

3. When corrected for biomass changes only photos ynthetic 

potential showed a diel rhythm, with maximum val:ies during 

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

the surface, but was not as appar'ent at 30 mete:r·s . Assimilation 

ratios (photosynthetic potential pe~ lmit chlorophyll a) 

showed a similar diel variation, indicating that tne changes 

in photosynthetic potential were not due to chariges in 

chlorophyll a . Chlorophyll a per particulate volume remained 

fairly constant except f or a slight increase in the dark period, 

which was felt to be a res ult of pigment synthesis. 

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

showed a diel variation, but this was not always apparent for 
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measurements or chlorophyll a concentration or total particulate 

volume. When adjus t ed fop biomass changes , only photosynthetic 

potential a~d t he assimilation ratios exhibited a diel variation. 

These had simi lar patterns as found in the inshore waters, with 

a maxi!llum during t he day and a minimum at night. Agitation by 

storm waves appeared to disrupt the rhythm. Samples at 

30 meters showed similar results, both wi t:1 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. 

5. Samples at Station P indicated that all of the 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. 

6. Cultures of natural phytoplankton, under constant conditions, 

did not show a die l 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 phot osynthetic potential 

remained when cultures were kept in continuous dark , and t11e 

timing of the rhythm could be shifted by altering the light­

dark cycle. 

7. It was suggested that the variations in photosynthetic potential 

were a result of changes in some ' substance' , which in tu1'11 

was regulated by some 'biological clock ' mecha~ism . 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 photosynt hetic rhythm . 

8. It was concluded that t he diel rhythms in photosynthet i c 

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 Al. 

NITRITI>NITRATE COUCENTRATIONS - OCEA!i STATION E-1 

Surface 30 Meters 
Day/Time Nitrite Nitrate Nitrite Nitrate 

(vg-at/1) (µg-at/1) (µg-at/1) (µg-at/1) 

I - 0900 0.08 2.92 0.07 3.51 
1500 0.07 2.88 0.06 4.85 
2300 0.06 2.58 0.07 4.64 
0700 0.07 2.88 0.09 3.47 

II - 1500 0.06 2.96 0.07 2.53 
2300 0.07 2.37 0.11 3.54 
0700 0.05 2.52 0.04 4.34 

III - 1500 o.oa 1.48 0.07 2.31 
2300 0.06 2.58 0.06 2.43 
0 ·100 O.OY 2.!:14 o .0·1 3.02 
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TABLE A2. 

NITRITE- NITRATE CONCENTRATIONS - STATION E-2 : SAANI CH INLET. 

Surface 30 meters 

Nitrite Nitrate Nitrite Nitrate 
Day/Time (1Jg-at/l) (pg-at /1 ) ( lJg-at / 1 ) (µg-at/1) 

IV - 0900 0.09 16.55 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 . - 0900 0.19 18.60 0.18 19.45 
1500 0.12 18.08 0.14 19.06 
2100 0.10 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 - osoo v.v, 1" '"' '• " ~" ~z.~; u,u,. \,,le,.LV 

1500 0,07 14.83 0.09 19 . 34 
2100 0.08 12.54 0.10 20.50 
0300 0.09 13.33 0.17 18.22 

VII- 0900 0.09 14.47 0.09 18.18 
1500 0.07 11.63 0.06 20.20 
2100 0.05 12 .40 0.07 20.20 
0300 0.08 13.30 0.06 22.03 
0700 0.01 12.81 0.03 21.00 
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TABLE A3, 

IN SITU TEMPE RATURE MEASURE~NTS (°C) - OCEAN STATION E- 1 

Day/Time Surface 30 Meters Day / Time Surface 30 Meter s 

I - 0900 7.9 7. 8 I II - 0900 !:l.O 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 1500 8.0 8.0 
1700 8,6 8.3 1700 8.0 8.0 
1900 8.0 8.1 1900 8.2 8. 0 
2100 s.o 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 s.o 
0300 8.2 8.2 0300 8.1 8.0 
0500 8.0 8. 0 0500 8.1 8.1 
0700 8.1 8.0 0700 8 , lf 8.4 

II - 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 
0100 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 Tl:MPERATURE MZASUREMEHTS (°C) - STATION E-2: SMNICI-I INLET 

Day/Time Surface 30 Meters Day/T.iJDe Surf ace 30 Met ers 

IV - 0900 7.8 8.0 VII - 0900 9.0 0.0 
1100 8.2 8.0 1100 9. 4 8.0 
1300 8.8 s.o 1300 10 .0 8.4 
1500 8.5 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 e.o 
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 8.0 
0700 8.0 8.1 0700 9.1 8.0 

V - 0900 8. () s.o 
1100 9. 0 8 .0 
1300 9.0 8.0 
1500 9.4 8.0 
1700 9.2 8.1 
1900 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 9.2 8. 2 
1900 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 A5. 

SALINITY MEASUREMENTS (0
/ oo ): OCEAN STATION E-l 

Day/Time Surface 30 Meters 

I - 0900 32.15 32.18 
1500 32.15 32.16 
2300 32.01 32.08 
0700 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 (0 /oo) - STATION E-2: SAANICH INLET 

Day/Time Surface 30 Met ers 

IV - 0900 29.39 29.82 
1700 29.40 29.80 
0300 28.06 29.79 

V - 0900 28.44 29.81 
1700 29.06 29.80 
0100 28.44 29.82 

VI - 0900 28.12 29.45 
1700 28.66 29.86 
0100 27.40 29.47 

VII- 0900 28.59 29.80 
1700 28.57 29.82 
0100 28.66 29.84 



Day/Time 

A 0900 

B 

C 

1100 
1300 
1500 
1700 
1900 
2100 
2300 
0100 
0300 
0500 
0700 

0900 
1100 
1300 
1500 
1700 
1900 
2100 
2300 
0100 
0300 
0500 
0700 

0900 
1100 
1300 
1500 
1700 
1900 
2100 
2300 
0100 
0300 
0500 
0700 
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TABLE A7. 

NITRITE-NITRATE CO NCENTRATIONS - OCEAN STATION P 

Surface 

Nitrite Nitra te 
(µ g-at/1) (µg-at/1) 

0.38 6.76 
0.26 5.64 
0.23 6.16 
0.17 5.29 
0.21 5.87 
0.21 5.27 
0.19 4.94 
0.23 4.73 
0.30 5.74 
0.32 5.56 
0.26 5.08 
0.21 4.94 

0.38 6.49 
0.21 4.71 
0.19 4.28 
0.19 4.25 
0.23 5.45 
0.19 4.80 
0.19 4.52 
0.19 5.04 
0.19 5.06 
0.19 5.48 
0.21 6.66 
0.36 4.77 

0.47 6.83 
0.33 5. 71/, 
0.30 5.19 
0.3j_ 5.86 
0.33 4.79 
0.35 5.71 
0.32 5.27 
0.29 6.41 
0.28 5.80 
0.31 4.47 
0.29 5 .13 
0.30 5.52 

30 Meters 

Nitrite 
(µg- a t/1) 

0.37 
0.31 
NIA 
0.30 
0.30 
o.~o 
0.34 
0.27 
N/A 
N/A 
K/A 
NIA 

.. 

Nitra t e 
(µg - at/1) 

7.53 
5. 71 
N/A 
4.16 
4.73 
4.96 
6.83 
7.00 
N/A 
NIA 
N/A 
NIA 

•• (cont'd) 
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TABLE A7 (cont'd) 

Surface 30 Meters 

Nitrite Nitrate Nitrite Nitrate 
Day/Time (JJg-a-c/1) (J.Jg-at/1 j (pg-at/1 ) (!Jg-at/1) 

D 0900 0 . 23 5.26 0 . 19 3 . 98 
1100 0.15 I~. 8_4 0.13 4 . 86 
1300 0.17 5.07 0.19 8.00 
1500 0.19 5 . 99 0.15 6 . 30 
1700 0 . 23 7.05 0.15 5.89 
1900 0.21 6 . 02 0 . 13 5.48 
2100 0 . 23 6 . 66 0.13 6.44 
2300 0.15 6. 08 0.17 6.60 
0100 0 .17 5 . 6i) 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 
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TABLE AS . 

NITRITE-NITRATE CONCENTRATION S- LAB EXPERIMENTS 

Lab Culture Cont rol Cul t ure 

Nitrite Nitra t e Nitr i t e Nitrate 
Day/Time ( l,lg - at/1 ) (µg -at/1 ) ( µg-at/1) (µg - at/1 ) 

Experiment A 
0900 0.08 2.82 0.28 0.95 
1200 0.19 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 o. o,~ 0.60 
2400 0.02 0.03 0.06 0.05 
0300 o.o 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 o.o 
1500 0.08 1.02 0.08 0.03 
.. nnl"I c.~~ (.' . ~? n no n n 

" "" " ... ,.. " ◄ ◄ U .. () ..:.~vv v.v 1,,1 V• 14.. v-~~ 

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 o. 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 17.04 
2100 0.17 15.52 0.26 18.09 
2400 0.11 20.84 0.11 17.38 
0300 0. 11 18. 53 0 .11 18.89 
0600 0. 06 20.44 0.11 17 .91 

---- - -
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TADLE A9. 

IN SITU TEMPERATURE MEASURD!ENTS - OCEAN STATION P. 

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

Day A Day C 
0900 11.3 0900 12 . 0 12.0 
1100 11. 3 1100 12.1 12.0 
1300 11. 3 -1300 12.2 12.0 
1500 11.3 1500 12.2 12.1 
1700 11. 3 1700 12 . 2 12.0 
1900 11.4 1900 12.1 12.0 
2100 11.4 2100 12.0 12.0 
2300 11.4 2300 12. 0 12.0 
0100 11.4 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 NIA 

Day B Day D 
0900 11.7 0900 12.5 12.0 
:!.:!.{'') ~? ' '.'! 11()(\ 1? _ fi 1? .1 

!:!()C S '> C 1300 12.13 i:3 _n 
1500 12.5 1500 13.0 13.0 
1700 12.5 1700 13 .1 12.8 
1900 12.2 190 0 12.8 12.8 
2100 12.0 2100 12.8 12.9 
2300 11.8 2300 12.7 12.6 
0100 11.6 0100 12.2 12.6 
0300 11. 6 0300 12.7 12 . 7 
0500 11. 5 0500 12.7 12.7 
0700 11.6 0700 12.6 12.6 
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TABLE A10 

· Subsurface light measuremen t s 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 = 0.1 60 

Depth of the 1% surface light = 28.5 M 

Light i.ntensity at 3C meters = 0.001 ly/min 

IV 0.5 0.418 

(S2.anich 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 intensi t y at 30 meters = 0 . 0009 ly/min 

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

VI 0.5 0.070 

(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 .20lf 

Depth of the 1% surface light = 23 M 

Light intensity at 30 meters= 0.0001 ly /min 

C 0.5 . 158 

( Ocean Station P) 2 .138 

3 .118 

4 .098 

5 . 089 

7 .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 .045 

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 A11 

(pages 171-185) 

Chlorophyll a concentration (mg/m3), photosynthetic 

potential (mg C/m3/hr) and total particulate volume 

{µ 3/ml x 106 ) data for Endeavour cruise, Stations E-1 

and E-2. 



f-
. DAY 01:PTH TY ME 

I oo. 0900 

TOT~L PARTICULATE 
VOLUM E 

!CU.MICRONS/Ml) 

CHLOROPHYLL A 
COl\lCF. NTRATIO N 

( MG/CU. 1"' ) 

PHOTOSYNTHETIC 
POTE NTIAL 

(MG/CU. M/ HR ) 

962526. 1.579 0.097 ______ _______________ ___________ ___,._ ._o_4J _ _______ ___co ... _5_1__0 ______ _ _ 

I 30. 0900 ? 1t659 1t. 1. 0 95 0. 516 
1.0 8 0 0 .3 8 1 

oo. ITITT5 9,~-8 6-6 3 . -0.0 01 1 . 4 0 0 
1.1 81 1 .270 

___ _ I 30 .. ~ _____ J .LO.O ~:-t.Jt?. l.J ._. _______ _ _ 1.. .•.... 02.6 _________ t.. J 1 O _ _____ _ 

I 

r 

I 

I 

I 

I 

oo. 

30. 

Ob. 

30. 

oo. 

30. 

o-u. 

1300 

L~OO 

rs·oo 

1500 

1700 

1700 

rcrou 

1032700. 

9 l .lt3 0 3. 

To :."!'5f7i . 

AR70?.8. 

1 .1 9 6 1. 085 

1.193 2. 0 51 
. 18 1 · J. lU_2 

1.?1 9 
1.2 61 

1 . l. 30 
J.. 1 ? 9 

l. 2 0 4 
1. 089 

0. 3 1tl 
0 . 30 3 

i ~03·:,;-
2 • .2 0 3 

2.074 
2 .050 

9~2801. 0.08 5 2.2 3 6 

I-' 
-.J 

_ ___ _ _ _ _ ___ Q ... __9_ 24 "_._4813 ________ _ 

595112. 

12 OH H H'.l . 

1.109 1.660 
1. 06 1 1.741 

1.ZtJ. 8 
1. 2'~4 

0.243 
2.216 

____ ! 30. 1900 785151. _________ 0. 8 97 ___ _ _____ 0.485 _ _ ___ _ ------· ·------- ---- r·~·-oo-r o. st3 

------·· --··--- ---- -·--1 



I 

rrA•r- r:.r1:-P·1·R---r-n1 E TOTAL PAR1-ICULATE CHLOPOPHYll A PHOTOSYNTHETIC 
VOLU f'J.E CO NC ENTR,\ TI ON POTENTIAL 

(CU.MICR CN S/ Ml) (MG/CU . M) {MG /CU. M/ HR ) 
~, 

I oo. 2100 ~92915. l. 03'~ o. 9l+A 
.0 .. • ... 9.4'+ L.?f>3 

I 30. 2100 766434. 1. . 021 -0. 01 2 
0 . 961 0 . 430 

L 
I oo . 2300 854270 . 0 . 788 1.? R5 

0 .775 1.2 69 

I 30_. __________ 2_3_()()_ 7 5.J3J .. L6_. o .• ...7f,_4 o .•. 4.3 4. ----·--·-· -· 0 . 663 1 . '-,03 
1--' 

I oo . 0100 632816 . 
. -..J 

o .19q 1 . 1+ 3 1 w 
0 . 7 11 7 l ">0 

I 30 . 0100 541160 . 0 . 564 1 . 775 
0 . 541 0 . 273 

I 

-·· I o·o. 0300 85 1T12 ·. 0 . 907 0 .-37·7 
0 . 8 6?. 2 . 013 

I 30 . 0300 759700. O. R38 0 .7 18 
0 . 8 J 1 o. 3(6 

I oo. 0500 830907 . 1 . 004 2. 338 
0.9 86_ 2 .-3.32 

I 30. 0500 7727<:JZ. 0 . 863 0.509 
0 . 8 7 1 0.492 

I oo. 0 700 1121fi38. 1. 297 2 . 550 
l . 307 4.17 5 

t 30 . 0700 7 7..6.6_5_2., _. l_. _ _l 7_Lt .• 9.5.J 
1 . 189 1.963 

--- -···---·--··-·- - ------ ·----· 



I 
n l 

IJ/\ 1 (fE--PTH ·fIME TOTAL PARTICULATE CHLOROPHYLL A PHOTOSYNTHETIC 
VOLUME CONC E NTRA Tr ON POTENTI AL 

(CU . MrC:RCNS / Ml) 
\ 

(MG/CU.Ml (MG/CU . M/HR) 

I I oo . 0900 699350 . 0 . 849 3 . 88 5 
-•·---•----·--- · -·-·- ·-·-····-·--·--········-·-

_______o • JJ M) 2_.2 .1.9. 

I I 30 . 0900 436'~3 3 . 0.635 l. 721 
0. 611 1 . 49Q 

!I oo . 1100 6Q0668 . 0.810 2 . 538 
0 . 807 2 . 571 

!1 ____ 30_., ____ l LO ... 6._0.09.3 .9 ..• _____ o __ ._s 21 ? .• ! 2 l _________ 
0.820 3. 093 

f--' 

Ir oo . 1300 770900 . 
~ 

0.724 2 . 703 + 
_Q__J 1 5 1.2.37 

[ I 30 . 1100 755751. o.761 2 . 518 
0.7 1+0 1 . 760 

n 0-0 . 
1500 ____ _ 

1 :rsoi. i"• . 0.770 2 . 886 
0 . 761 2 . 850 

I I 30 . 1500 653381 . 0 . 726 0 . 710 
o. 13 2 . 630 

I I oo . 1700 869902 . 0 . 904 3 . 113 
O ..• J3].9 ___ 3 • 12 9 ____________ 

I I 30 . 1700 852412 . 0.997 2 . 369 
I) . 9()3 2 . 781 

I 1 oo . !900 H07-8'>7 . o.f6o 2.0K8 
0. 741 1 . 8 1t 7 

II 30 . 1 900 566257 . 0.786 . 069 - ·-· ·---·-·---•-· ··-·•····-----,- ·-· .... ~-· ··•· ··· 0 . 787 l . 9Ab 

"" ·• .. 

-----------·---·- ······ ... ·-------------··---·------ -----···-----



I 

I 
-

,· 

D-AY ·-···oE·P·Tw-· T fM E TOTA L PARTICULATE CH LOROPHYLL /l PHOTOSYNTHETIC 
VOUJME CONCFNTRAT!ON POT ENT I /-1L 

{C U. MICRONS / ML) ( MG /CU . Ml (MG / CU . M/ HR ) 

I I oo. 2100 A86322 . l.098 1 . 872 
............ _ .......... ·- o .• 5 .. 7...B L. _5_7_5 

I I 30 . 2100 754963 . 0 . 8q6 1 . 442 
0 . 884 l . 41 7 

I I oo . 2300 615590 . 0 . 715 l . 845 
0 . 7 96 l. 4 6 1t 

u 3 0 • _______ 2 3 _0 0 47_99?_7_. o_. _133 l_. _791 ----() . 7 l't 0 . 951 
I-' 

II oo . 0100 939 1+60 . 0 . 873 1.969 
-.J 
(.Tl 

0 . 864 1 • q 77 
I 

II 30 . 0100 7 2't326 . 0 . 8 1► 7 1 . 964 
0 . 87 7 1 . 67° 

rr 00 .----··0300 nrn2r2·s. (). 801 1.911 
----· -------·-

O.R2 1 2 .1 01 

!I 30 . 0300 972617 . 0.77? 2.299 I 
0 ~800 · 2 . 2 8 6 

I I oo . 0500 100?.379 • . 0 . 8 75 2. 676 
·-·-.. -- ·•• 

___ , ..... , .. _,. _____ , 1...2?> .. 8 ?. 744 _________________ 

I I 30 . 0500 577396 . 0 . 705 1. 5 76 
0 . 677 1 . 651 

I I oo. 07CO 806.930 . 0 .7 54 2. 61+9 
O. 7 '~ l 2 . 278 

I J.! __ ________ 3_0_. 0 7_0_0 ________ 5. .73.l P.l . 0 . _6?, 7 1 .2 9.6 .. ________ 
0 . 6 3 5 1 . 88 4 

----------------- ·----·-·--·-- ·······--·--·--·······················-· ········-------·------ ---·-------- - -------------



I 

I 
I 

r 

DAY DF.PTH TI~E TOTAL PART!CULATE CHLOROPHYLL /\ PHOTOSY NTHETIC 
VOLU ME CONCENTRATION POTENTIAL 

(CU . MICRONS/ML) {MG /CU.ti) {MG/CU . M/HR} 

II 1 oo. 0()00 sgo615. 0 . 773 2 . 637 
.. 0 ..•... 3.1.5. 7. 7_98. 

II I 30 . 0900 - ~28093 . 0.743 2.279 
0 . 723 0.701 

I I I oo. 1100 854095 . 0 . 9 59 3 . 681 
() . 9811 3 .365 

_________ IJ I ___ 3 0 • ____ 1100 820.6 . .3 .9 .• o .•. 93.0 2 ...• 969 -
0.933 0 . 1+86 

I-' 
\ -.J 

I I I oo. 1300 944404 . 0. 8 1t8 2.601 (J) 

0 . 8 71) '? - f.. A(, 

I I I 30 . 1300 8101t95. 0.878 ? • 72 3 
0.887 2 . 769 

--------1·11 --·oo. 1·5cfo 693869. ·- 0. 79'.3 2. 67 3 
0.8 1+ 5 3.079 

I I I 30 . 1500 MO DATA /\VAILABI E 0. Fl 5't ') - q '• 5 
0. /36i 2.613 

I II oo . 1700 NO DAT/\ /\VAIL/\RLE 0 . 9~7 2.244 
__ .. _ --·· ----·- .-.. · -••··· 0 ..•. 8 t> .. 9 _. _120 

' I IL 30 . 1700 NO OAT/\ /\V/\IL/\BLE 0.894 2.079 
0.915 2 . ' • 5 2 

l., 1 uu . 1 g·oo Nil DATA AVAILABLE 0.658 2.440 I 

0. 6 71 2 . 020 

U.J 30 . l9CO r-~ o_o __ ",TA.,_/\VA.Y.l, ,,\,Pi_t,. __ f; o_._6J s · 1 • 6?. 0 
0 . 653 1.521 

., 

I 

-·-··--·--·---··-··--·-·- ·----.-. ---•·--•···-••·-•--· .. -• ---·-· --·-· -----··-
' 



·-- -- DAY- DEPTH TfME 

II 1 oo. ?.100 

I I 1 30. 2100 

I I l oo. 2300 

! 11 10. ___ 2300 

I I I oo. 

II 1 30. 

II l 00. 

I I l 30 . 

I I I oo. 

II I 30. 

m uu. 

0100 

Ol.00 

c:f3"C'() 

0301) 

0500 

0500 

ITTUU 

TOTAL PARTICULATE 
VOLUM E 

(CU.MICRONS/ ML) 

NO DATA AVAILA BLE ( 

NO nATA AVAILABLE 

NO DATA AVAILABLE 

NO OATA AVA.tU\Bl. .F 

NO DATA AVAILABLE 

NO DATA AVAILA BLE 

N□----·o ATA ___ AVA.IU\BU= 

Ncr DATA AVAILABLE 

j 

CHL OROPH YLL A PHOTOSYNTHETIC 
CONC fNTR ATTON POTENTIAL 

( MG /CU. M) (MG/CU.M/HR) 

0.872 ?.9"3 8 
0 ..• .1.~t..6 3. ..•.. :':t .. ?.._? 

0. 77't 2. 171 
0.730 2.295 

0.81 1+ 0 . 3 8 5 
0 . 804 3 . 015 

o~ ~-D Q.~ lf} 

0.826 . 2.374 
o . n33 1.~66 

0 .737 0.994 

I-' 
-.J 
-.J 

I 

0.6R7 _________ 0.449 
o-~·-1b1. r : -7'0·9---- -------
0 . 121 2.375 

0 . 6S7 1 . 600 
0 . 611 1. 0 01 

Nn DATA AVAIL~ BLE 0.799 0.587 
-·-··- -··--·--·---·· ·-·-·------··--·--· 0 ..• .31+_1+ 2_ •. 3- 2(.,'...... -------

NO DATA AVAYLARLE 0 . 792 2.338 
0.778 1.172 

NO DAT A J\Vi'\!LARLe O.Rrr, -t~ 
0 . 830 1.75 3 

_____ I __ L1 ____ 3_9 .~.--0_?_9_Q. ____ ._...:.NQ .. _J)_J\J/\ ____ .!1V.AJ.tl,BL E _____ ri. 7 f;.A _________ 0 •... 4 0 8 ______ _ 
0.782 l.3R7 

•, 

-----··---·····-·-·•-·•---···-·--•-·--· 



OAY .. DEPTH TI ME TOTAL PARTICULATE CHLORO PHYLL A PHOTOSY NTHETIC 
VOLUME CONCENTRATI ON POTENTIAL 

(CU.M TCRON.S/ML) ( MG /CU. M) ( MG /CU. M/ HR ) 

IV . 1')0. oqoo 701766. 0.975 3 . 276 
0 ....... 9.2.9- __ . _9_7_9 __ 

IV 30 . 0900 651129. 0.533 1 . 031 
I) . 534 0 .232 

o. 1100 815363 . 1.337 3 . 2'>5 
1 . 300 3 .16 8 

_______ rv _______ 3 o. ______ 11_00 6Jt6..7.2.5 ... o ... :.sof 1 ... ...200 
0.515 1.047 

I-' 

IV oo. 1:\0(1 881770. 1. 2 20 .3. 9? 8 
-.J 
co 

... 5":\ -:>. 

IV 30. l "100 752723. 0 . 1-t81 0 .208 
0 . 461 1.2 85 

rv oo. 1500 '" -;·-;0·9 f7 . l • i'5_3_ 2.830 
L 153 3. 0 51 

IV 30. 1500 7? 5_7 09 . 0 ~ '5Q3 Q~934 
0 . 't94 1. 07'~ 

IV oo. 1700 867826. 1 . 2q 4 2.841 
1 .. • ..2 .6.'• _, •. 9 .. 8.3 

IV 30. 1700 764081. 0.508 1.039 
0 .473 1 . 037 

• L. . J.. J\ . 
1 . 176 2.644 

IV 30. 1900 84 1t 6 C 8. ().571 0.069 
•••••· h • ••W• • -• • ~- o· ... 558 1.163 

• 



i'.rifv-0-1:·-p-·rR--TT),fE ·rDTAL --P/1 RT.JCULAT E CHLOROPHYLL A PH0iOSYNTHETIC 
VOLUM E CONCE NTRATION POTENT 1 /\l 

(CU.MICRONS/Ml) {MG /CU. Ml ( MG /CU. M/ HRl 

IV 00 . 7.100 9572?.8. 1 . 507 2.091 ,.. l___. _4_!3_3 _2 .. •.. 1.74. 
IV 30. 2100 787470. 0 . 517 1. 0 1t 7 

0.528 l.107 

IV oo. 2300 868451. 0.897 
- - --------- -· 

1.966 o. 0 33 1. 902 

I_V 30. ______ 2300 78? 1 59 __ • o .•.. 5.75 __ . _Q_99 
0 .500 1 .14 8 

I-' 
IV oo. 0100 774861. 0.796 1 . 787 -.J 

0 . 915 1~29Q U) 

IV 30. 0100 635f-i50. 0.570 1 .. 19 '~ 
0.566 1.143 

rv oo. 0300 a2c.f7i♦-L 0.984 2.?.43 
0 . 9'~0 2 . 307 

lV 30. 0300 57"836. 0 . 553 1. 2? 4 
0 . 5 4 1--:-3-:, 8 

IV oo. 050(1 8855Lt6e 1.227 3 . 217 
• .. 3 .. 6 .. 6 ·-·-·---~- _____ 3 • .. Lil 

IV 30. 0500 824874 . 0.494 0.059 
0. 503 1. 288 

IV oo . 0700 112116g. 1.04 1 3.781 
0 . 987 't. 0 8 5 

IV 3(). · 01co ··----· <l2 _R46A.• 0., . .'t.98 L,..100 
0 . 555 1.238 

_______________________ .,_ ___ _________ ....... ·- ···-·•·-·· .. ··•·•··· ...... .. -..... _,., ... __________ _ - ------------------------·----.. ······- ·· ........... _,._ .... _ .,. .... ~·-···-········•··--········-·--····-············--·~ 



- -

! 

O"A'r- 01:PTH--TtMF TOTAL PARTlCULATE CHLOROPHYLL A PHOTOSYNTHETIC 
VOLUME CONC!:NTRATION POTENT I ,\L 

(CU.MI(RONSn-1L) ( :-1G/CU . M) ( MG/CU . ,"1/HR) 

V oo. 0900 7':i4265. 1. 1t92 3.875 
·-·-.. -··-···· -·-• L. __ 1dD _J-t._29.0 

V 30. 0900 369856. 0.536 0.994-

" 
0.553 1.152 

V oo. 1100 1019?-75. l. 4 7 1, 4 . 247 
l. 425 4.204 

V 30. 11_00 7_5...2 _6 .3 .9 ...• o_.5_02 t •... 47 l 
0.5? .'3 1 . 1i 1t0 ~ 

co 
V oo. 1300 9q57ss. l. 4::\6 3. 8 11 0 

l . 28? 3_74::, 

V 30. 1300 779385~ 0 . 568 1.219 
0.577 1.032 

-----v oo. 1500 9:t?1bif13 . r~·-289 3.073 
---

1.270 3. 1+8 4 

V 30 . 1500 6326 1-. l. 0.5 1t.? 0.737 
u.5"26 0. 8 31 

V oo. 1700 1082799. l.326 3.Q25 
1._. ___ J.3_r:, 3 .•.. 94.2 

V 30. 1700 697014. 0.503 l.?13 
0.512 1 . 260 

I/ ou. lYUO 10~66~<:J. l. 23 7 3. 7 :i9 
1.243 3.339 

V 30. 1900 79 __ 1_9 _3 _9 _. ______ 0.499 ··-- 0~8Q2 
0.512 1.-169--

• 
; 

' 
--- ···-·--·- ·-······ •-• ... -·-----·--·---

-- -



DAV-O_E_o_rH-- TTM-E TOTAL PARTTCU LATF. CHLOROPHYLL A PHOTOSYNTHET re 
VOLUME CONCE NTR ATION POTENTIAL 

(CU . M1CRCNS / ML) (MG/CU. r,.c) (MG/CU. M/ HR ) 

V oo . 7.100 61CJ362 . l • 3 1+ 7 2.568 
l ._3 2.l 2 ..• J>.JJ 3.. 

V 30. 2100 383599 . 0 . 571 0 . 960 
,, 0 . 569 l .03 6 

i 

V oo. ~300 3011fHl . 0.961 1 . 681 
0 .92 3 1.724 

V 30. 23.00 3 2J>. ~.:ti+_. o •. 5 _63 o_. 97.2 
0.568 0.911 

I-' 

V oo. 0100 399084. 0 . 6 80 0 .79 1 
en 
I-' 

0 . 665 0.963_ 

V 30 . 0100 307563. 0 . 509 0 .7 5 4 
0 .511~ 0. 7 82 

oo·.---·--03 oo 9ll9tf7l . r:-·210 i:022 
1.28 8 2 .461 

V 30. 0~00 6'19373. 0. 5?0 0.979 
:c;i:u, 

V oo. 0500 1056093 . 1.386 2.711 
-·· ··-·•-···-·-·-·· o .•. 862 O_. 7TJ 

V 30. 0500 632914. · 0.555 . 0.955 
0.8R9 0 .94 5 

j_;T+Wt ,._ . 
1.38 8 3.625 

V__ ___ 30_" 079 .. 9 6JJJ:, .!>A ..• 0.444 1 . 00 1 o-;·:.rR?. 0.99 3 



OA\'- DEPT"HT!ME 

VI oo. 0900 

TOTAL PARTICULATE 
VOLUMf 

(CU.MICRCNS/ML) 

1349616. 

CHLOROPHYLL A 
CONCENTRATION 

(MG/CU. M) . 

PHOTOSYNTHETIC 
POTENTIAL 

(MG/CU.M/HR> 

1.442 7.485 

-7 

----- ------- ------------------ _____ 1._._:3_5_9 _ ________ ~ __ .3 __ 0 __ 9 _______ _ 

VI 30. 09()0 

V1 au. mm 

805759. 

1:!l:2566. 

0.585 
0.595 

1 .4 83 
1 .397 

1.40?. ---~- 6.468 
l.387 6 .731 

____ vJ :rn_, _____ ti_o_.o. _______ a._70_5. __ 0_6_. __ ~ _______ o ___ . _616 _________ 2 .21 _0 ______ _ 
0 .597 2.099 

VI 

VI 

--·----v 

VI 

VI 

VI 

I 

oo. 1300 1682419. 1.548 8.288 
...... 
(X) 

Iv 

30. 

Ot5. 

3 o. 

oo. 

30. 

o-o. 

1300 

PS-00 

15CO 

697138. 

2··0 1f()"<J1 • 

6 6412 9. 

1.677 6.704 

0.590 1.652 
0.596 1.494 

2. 5"j:f5 
2. 84::3 

Q_.61 7 
0 . 61.2 

9. 197 
7.f'.86 

L._o ,q4 
1 . 1'+8 

1700 2016726. 2.959 7.673 
____________________ __,2 __ . _8_52.~ ---- ___ __,_7 __ /1 _5._r::, _4 _______ _ 

1700 661638. 0.58~ 1.415 
C .56 3 0.959 

NUU ~rzn ,.,.:.,. 3.283 5.662 
3 .060 4.388 

____ VI . 3Q_. ____ J 9 00 ___ --------····.}_? __ 7_9{-,} _ •. ___ _ _ ____ o •.. 5 7_5 _________ l. _._SJ 6 ______________ _ 
0 .64 2 1.235 

-------· --··-----··· ------



I 
, 

----- -
I 

OJ\Y-- DE.PlH-- TY ME TOTAL Pi\RTICULATE CHLOROPHYLL A PHOTOSYNTHET°I"C 
Vf'JLUMc CONCENTRATION POTENTIAL 

(CU.MICRONS/Ml) ( MG/CU . M) . (MG/CU.M/HR) 

Vl oo . 2100 2378945. 2 . 499 4.661 
-.. ·-----... -···--· - -· 

1
t 61 _______ 4_. 5 0 .. 7 

VI 30. 2100 792261. 0 . 591 1 . 027 
0 .596 0 . 870 

VI 00 . 2300 179()864. 2 . 80't 1-t . 976 
?. • 764 5 . 0 5 0 

VJ 3 0 • ____ 2_3 0 0 7..J.5 . .6 .. L4 __ • _____ 0 .• : . .6?. ,~ o .•. 9 7 6 ______ ------
0 . 617 0.<} 4 5 

I-' 

VI oo. 0100 1306572. 2.739 4 . 7 't 2 
OJ 
w 

? • 7 l 1 r._??,,'1 
-,,,.... 

VI 3_0 . 0100 622106. 0.589 0 . 2 8 0 
0.569 0.2 2 8 

------·-vr oo. d"300 1618716. 3.115 5 . 9 1-tO 
~ - 017 6.173 

VI 30 . 0300 618101 . 0 . 47() Q__J," ~ 
0 . 515 0.7 6 1 

VI oo . 0500 1570595. 2 . 996 7.553 
--- --··- .. ·--····-· 2 ..•. 3 .. .7..8 6 . .. 8.'t.7 

VI 30. 0500 661204. 0.555 0 . 806 I 

0 . 539 0 .760 

- -
2 .3 3 8 6 . 609 

____ _,__V_l 3 Q_! ____ __ Q,IQ_O _____ 62~5.0l.•----------8:·§ JI -~--- ---------8-:~ tt-----------

-------------------------··--··-------------·--·-· 



- - ------------~ 

DA Y·-· DE.P TH- ·-r ·n.fE TOT AL PARTICULATE 
. . 

CHLOROPHYLL A 
. . . 

PHOTOSYNTHETIC 
VOLU ~~E CONCE NTRA TIO N POTE NTIAL 

( CU . MIC RON S/ Ml) ( l-1G / CU . M) (MG/C U. M/HR) 

Vll oo . 0900 1 7 08 1t82 . 2 . 897 8 . 016 
.• 974 9 .• I 1t0 __ . 

VII 30 . 0 9CO 7 2471'♦ • ().662 1.359 
0. 6 3 1~ 1 . 2 86 

VII oo . · 1100 23 8?.9 96 .··· ·-· ·· - --~ ···-·- -- ~- - - - -- - - - - -

3 . 030 1 0 . 039 
3.011 9 .7 17 

VJJ 3 0 ., ___ _.1._l O 0 fJ.75701. .• o .• ·.46?. 0 ...•.. 1'56 
0 . 437 0 . 670 

I-' 

V 11 oo . 1300 2381019 . 3 . ?.61 10.777 
co 
+ 

• 9?,6 l li25 5 

VII 30 . 1300 764166 . 0 . 506 1. l.41 
o. 51'+ 0 . 90 0 

-•-•-••-••H•-••------vr1·--· .. ·-·oo·.- -····· ·····-r5·00 2rri+·6rs··. i ~·'j5 87 9 . ?.18 
2.620 9 . 072 

VIl 30 . 1500 717327 . O. 'J8l l 14 
0 . 565 l . 0?.9 

VIl oo. 1700 .3391164 . 3 . 385 9 . 921 
·--•---------· -·--- 3 .• 6.5_3 .. o ..... L.6 0 

VI I 30 . 1700 663939 . 0.6 8 9 1 . 162 
0 . 692 l. 13 6 

Vil Ou . 1900 3477066 . 3 . 6<? 5 9 . 556 
3 . 374 9 . 141 

VI I _ __ .. JO • 19 CO 677551 . 0.719 0.950 ·--···-- .. ••· ·••··-······ ir . ·135 0 . 937 

··---··-----· .. ·· ···-·······-· .. - ·- ·····-···-·· .... ·······-··--····· --------------~'------ --------- - - ------ ---- -------------



D J\Y - DE P-T H T .. I ME TOTAL--PAR r ·rcuLAT .F. 
vnLUMF. 

CHLOROPHYLL A 
CONC ENTRA TION 

( MG /CU . Ml 

PHon'.JSYNTHET IC 
DOT ENT I AL 

(MG/CU . M/ HR) 

VI! 

VII 

VII 

V 11 

VII 

( C U • M 1 C RONS I ~-1 L , 

oo . 2100 4451559 . 4.135 7 . 375 
-------- --- .. --·-·--·-····-----------4.., ... 22.2 .. ______ _ __ 6..* .. 5...9_0 _____ _ 

30 . 2100 6ARB16 . 

oo . 2300 L51Tcf<;7 . 

0 . 737 
0.720 

3.5B3 
3 . 5 1+3 

0 . 9 1~2 
o. 0 41 

6 . 23q 
5 .76 8 

'30 ._ 2.300 ~------ - 7..9.6.0 .. 9.l •. __________ o .... '.6.3.7. _ _ ______ _ o ...•.. 76.3 ______ _ 

oo. 0100 2652S62 . 

0 . 627 0 . 746 

5.312 
I-' 
o:> 
(.11 

l 

3 . 423 
3 .-2_5~ 5. 5 5"-'6""---------

VI! 30 . 0100 

vr r --oo··.0100 

1/Il 30 . 0300 

VIl oo . 0 500 

729464 . 

24-51? 2 6 . 

7Lt7250 . 

0 . 647 
0 . 651 

3 . 074 
3.0?7 

0 ._6_53 
O. BC5 

1) . 875 
0.686 

5 . 8 76 
6.091 

0 . 551 
1. 034 

2 189945. 2 . 305 7 . 688 
------ - ----- - ........... _ _________ 2 ...... !+ .. 9.3 ..... ________ 7 .. . .. 6].P, ______ _ 

VII 30 . 0500 

VI I oo . 07tTTJ 

8002.99. 

ITf2?.17!>. 

0 . 646 
0.717 

1 . 255 
1 . 121 

2 . 9A2 q . 247 
2 . 865 8 . 797 

~ --·-- ··VJJ ___ . __ ).0., .. _ __ Q}'.Q.0 ... 6 . .0..4.0.J ... O .. ... ________ ___,O .• ..5 .02 0 ..•. 29 6. _____ _ _ 
0 . 519 0 . 357 

f------ ----- ---•-• ------ ••·H-~•~• •••••-•H-HH-H•••• H • -



186 

TABLE A12 

(pages 187-200) 

Chl h 11 . _ l ( / 3 -12 ) orop y a per particu~ate vo ume mgµ x 10 , 

photosynthetic. potential per particulate volume 

(mg C/hr /µ 3 x 10-12 ) and assimilation ratios (mg C/hr/mg 

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



DAV DEPTH Ttr-iE CHLOROPHYLL PER PHOTO ~YNTHFTIC POTENTIAL ASSIMILATION RATIO-
PARTICLE VOLU ME PER PARTICLE VOLUME (PHOTOSYNTH ETI C POTF NTIAL/CHL A) 
(MG.ICU.MICRON) (M(;/HR/CU.MTC RON ) ( MG .C ARl30N/HP./MG .C HL Al 

_____ . ____ ______ __ _________________ ( X_.l0E::.12) _ _ _ ____ _ (X_ l0E-:::l.2J_____ _ ____ _ .. ___ _ ----- -------- -

I 

r 

T 

C\O. 0 1rno 
MEAN V&LUES 

30. 0'>00 

1.640 l.OA4 

1.362 

1. 1t6 7 1.459 
MEAN- Vf.LUES ___ _ _ 1.463 

no. 1100 

MEAN" VCLllE~ 

:rn. 1100 

-0.001 1.245 

0 . 622 

1.210 1.410 
- ---------- --- -- - . --- ----. MEAN--v &LUE s- --- - - 1. 310 

T 00. 1300 1.155 1.146 

T 

1------ -----. - - - ------

T 
1---- -- --- - -- - - - - - - - - - -

30. 

MEAN V&LUF.S 

noo 
l.1'>0 

l .333 l. 379 

MFAN- V&LUES- - l . 356 

oo. 1500 

MEAWVCrnEs 

30. 1500 

1. 10 2 1.101 

1.102 

1.357 1.2?.8 
------- - -- MEAW\/&LUES 1.293 

oo. 17()0 1.045 0.980 

MEAN Vl:LUES r.oTI 
30. 1700 l .R64 1.783 

- - ------ - MEAN·-vuuEs -- ·--1~-·R23·--

00. l<JOO l. l 73 l. 0?9 

Mt AN V~l Ut!i 1 . 101 

30 . 1900 1.142 1.283 
------ - - MEAN V&LUEs --·----r . n3--

<1. l 01 0.592 0.061 0.093 0 . 361 

0. 3 1t6 0.265 

u .71 8 o.s10 o.489 o.~92 0.348 
0 .614 -- 0. 1.20·----

'. . • 1tA5 1.339 

1.412 

: . • 332 1.279 

****** 

1.101 

1.193 

*****« 
O.Cl45 

****** 

1.058 

o. 5,. 7 

0 .350 
-------

1.075 

0.907 
--·-- 1 . 306 -·- - - -· ·-- · - --

:_ . 986 l. 761 1.719 

1 . 874 

1) . 373 0.331 o. 2 80 

1.003 

1.734 1.525 

l . 629 

0.270 0.249 _ 

1.538 

I--' 

0.240 ~ 
---0~5-2 o. 260 - - -

i • 983 2 .1 49 1.799 1. 80 1 1.950 l.<)51 

2 . 066 1 . 875 

? .33A 2 . 311 1.723 1.904 
-----2: -32 5·-- ------------- --- ·1 . 803 

.!. 372 2.639 

z. ~u~ 
2 .789 2.925 

2 . 857 

,) • 201 1.833 

r:l.IT7 

'1 .61 8 0.666 

- - 0.642 

2.270 2. 1t2 f) 

2.477 

1 .497 1.565 
·--- ·- 1. 561\ 

0.1 71 0.195 

0.9?.8 

0.541 0.482 

0.531 

1.701 1.882 

2. 526 2.693 

1.570 l. 641 1 
---- -··•·•- -- ------

1.563 l. 78 l 

0.583 0.519 
. -- - -- ------

I ---------- -------- ---------- ---- - ---.----- ---- .. ----------- ----- ---- -----



DAY DEPTH TIME r:HLnROl' HYLL PER PHOTOSf NTHF TIC POTENTIAL hSSTMTL~TtON RhTTO-
PA~TICLE vnLU/.IE PER ?hR TICLE VOLUME (PHOTOSYNTHETIC POTE NTTAL/CHL Al 
(MG./CU.:'-1TCRf1Nl (MG/H R/CU.MICRON) (MG.CARBON /HR/ ~G .CHL Al 

-- -------- -·- -•·- - -- .. --•---•-- ·-- ·- · _ ... {X _lOE-12L _ f X._.lOE-:.12J ---•----·--·-·-··· ··--- - ---··-- --- --- ---
•. 

I oo. 2100 1.041 O.Q51 0.955 1.276 0.917 1.004 1.225 1.342 

MEAN VUUES 0.996 1.115 1 • 12 2 

t 30. 2100 l.33? 1.254 -0.016 0.561 -0.012 -0.012 0. '•21 o. '~4 7 
----- ----· --·- - -- . --- --- -- - --

'1 E A N V f. L U E S -- 1 • 2 q 3 0. i "f3 0.211 

I 60. 2300 o.q22 0.907 l.504 1. 485 l. 631 1. 65A 1.610 1. 637 

qEAN Vt.LUE s 0.915 1.495 1.634 

I 30. 2300 1.008 o. A75 o. 572 1.851 0.568 0.655 1.836 2. 116 
-------- . ---- - - ·- -- - - MEAN - VC.LUES ____ - 0~-941 ··-· · r.212 ------ .. 

1. ?.94 --- --- . ------- ·- - ····----------· 
. 

I (10. 0100 1.263 1.180 2.n1 1.659 1.791 l.91fl 1. 314 1. 406 

"1EAN Vt.LOE$ l .222 l.<J60 1.607 I-' 
ro 

I 30. 0100 1.042 1.000 3.280 0.504 3.147 3.281 0.484 0.505 ro 
-------- ------ ------ MEhN - V !:LUE= s ·-----1. 021 1.892 1 • 8 5 /t 

--· ··-----. --- --- --------

I oo. 0300 1.058 l.006 0.,140 2.348 0.416 0.437 2.219 2.335 

MEAN V t:.LUE S l. 032 1.3 94 I 1. 352 

r 30. 0300 1.103 l.068 O.CJ45 0.495 0.857 0.8 85 0.4,,9 0.464 
- ---- -----·--• ·•••-- --·· .. ·• ·--- - . MEAN V&L-UE s·- - . 1-:crn5 ____ 0.120 -·· o.664 ··· ·--· - · ·-· -·--------

T 0 o. O"i,00 1.208 1.187 2.Bl4 1.ao1 2.329 2.371 2. 32 3 2.365 

RF.t.N Vr.CTJE s 1. 19 7 \ 2.810 2. 14 7 

I 30. 0500 1.111 1. 12 7 0.659 0.637 0.590 0.584 0.'570 0o 565 I 

-- . ----· . ----- --- -MEAN- VllUE s----- --1: -122-- - o: P.a o. 577 --·- - -. ------ ·-· -· - -
. . 

I oo. 0700 1.156 1.165 2.;i73 3.722 1.966 1.951 3.219 3.194 

MEAN VtlOES 1.161 L.. ':J 'J ti 2 • . ) 83 

I 30. 0100 1.512 l. 531 3. ll 07 ?.52R 2.519 2.487 1.1,72 1.651 
·-----·--·------- -·---- ··--- --·--·· MEAN ·- v&LUEs--·--r~-521 --3-;16-.,-- -- 2.082 -· ·•- ··• - - - - ... ----- ------

. 

------- - ••· ---- .. -- -----•-- ·--·-------- -------- ··••· --- - -- ----- ----------------



Oi\V DEPTH TIME CHLnROPHVll PFR PHCTOSV NTHFTIC POTENTIAL ASSIMILATION RATI O-
PARTICLF Vr1UJME PER P,\RTICLE VOLUME ( PHOTOSYNTH E TI<: POTEN Tl.\L/CHL A) 

" 
( MG. I CU . MICRON) ( MG/ HR /CU . MICRON) (MG.CA RR CN/H R/ MG . CHL A) 

----·--- ---·•--------·-• -- - - ··-- --· ___ ,._,., .. _ _____ ( X ___ l.0 F. -_12) _ _______ ( X... __ l0E:::.12) _ _ _________________ . 

TT 0 0 Q l')Q Q 1~ 2 14 l . 230 , . 555 3 . 1 73 4 . 576 4. 517 2 . 614 · 2.58 0 
J 

MEAN V &LUE S 1. ?.22 4 . 364 3. 572 

IT 30 . o<rno 1 • 455 l. 400 3 . 943 3.435 2. 110 2 . 817 2 . 361 2.453 
-- ·-·--·---· 

MEAN - 'iir.tlTES r~-,~21 3 . 6 S<f 
------•· - ·• ---- -

2.585 

II oo. 1100 1 . 1 7 3 1.168 . ~ . 675 3 . 722 3 . 133 3 . 145 3 . l 74 3 . 186 

MEAN V £LUES 1.1 71 3 . 699 3 . 160 

YI 30 . 1100 1.376 1 . 365 ; . 529 5 . 147 2 . 565 2 . 587 3.7 1+0 3 . 772 
-- -- - - ·-- - -------- --- ~EArii - V&LUES 1-.- ,no 4 . 33 8 ----- ·3 . 166 --·- ···- - ·-··· -

II 00 . 1300 0 .939 0.927 ; . 506 4.199 3 . 733 3 . 700 4 . 471 4 . 527 

Mi:AN Vf.LUES 0 . 933 3 . 853 4 . 128 f-' 

II 30 . 130 0 1 .007 0 . 979 ~ - 332 
CX) 

2 . 329 3 . 309 3 . 403 2 . 313 2 . 378 l.O 

---·- - ·--- -- -·•-- ••·-- • . ME AN- V£LUE S ____ 0 . 9q3 - -2 . 83-0 --2 . 85 C . .. - ·----- -·-· 

TI oo . 1500 0.59 8 0 . 591 2 • 2 '+0 2.212 3 . 748 3 . 79 2 3 . 701 3. 745 

MEAN V£LUE S 0 . 5<J4 2 . 226 ' 3 . 747 

IT 30 . 1500 l. 111 1 . 0 9 1 J • l l7 4 . 025 1.006 1 . 024 3.623 3 . 689 
------.--... ·--·-·-· . ---· - - --·--- ---- -

MEMr V &LUES ------- ··-1 .·fol - .. ---·- 2.335 -- ---·- - - - -·-·- ··-· 
2 . 571 

II oo . 1700 1.019 1 . 01 0 3 . 579 3 . 597 3 . 444 3 . 5't2 3.461 3.560 

MEAN V&LOES 1. 025 3 . 588 3. 502 

IT 30 . 1700 
\ 

1 . 110 1. 0'5 9 2 . '179 3 . 263 2.376 2. 623 2.7 89 3 . 080 1 

-- - - - --· ------- -- ME AW 'V £ L lJ F. s·--- ---r : rr4 --·3:-cr2 1 2 . 11-; - ·--·--- -
. . 

II oo . 1900 o. 94 7 0 . 923 2 • . ,01 2.301 2. 74 7 2 . 818 2. 1.30 2 . 493 

ME/\N VtLOES 0.9 _-45 2.451 2. 62 2 

II 30 . 1900 1 . 313A 1 . 390 ':l . 6 51t 3 . 426 2 . 63 2 2. 629 2.468 2 . 465 
- ·----- ·--·- -- ------- ·- ---·-r·· M EA N -·v r. L' U E s---·-·-r; 3 8 9 ·-·3-;s-4-0- 2 . 549 - -- •·- - · --- -- -·· --------

. 
' r 

-· 
------------- - ·-- •·- ·•· - ---- ♦- - --··--- --·-··- • -- -• •· -----· 



Oi\V DEPTH TT"1E CHLORr.PHVLl PER 
P.\RTfCLE VOLUME 

PHOTflS"NTHE T re POTENT I AL 
PER PARTICLE VOLUM E 

ASSIMtlATION Ri\TJn-
(PHOTOSY NTHETI C POTE NTJAL/CHL A) 

!MG.ICU.MICRON) ( MG / HR/CU . MICRON) (MG.CARHON/HR/~G.CHL Al 
- -- ·--·-•-----· -·•· ·-· ...... ·-· ···-•·- - - - -- __ JX lOE-: 12) ___ _( X.. _LO E:::1 2 ) __ -- -·- - •--- . . -•---- ·- --

•. 
YI oo. 2100 1.7.39 1.103 2 . 112 l. 777 1.705 l.914 1. 1+34 · 1 .61 0 

MEAN V&LUES l. l 71 1. 945 1 . 666 

If 30. 2100 1. 1R7 1.171 1.910 1.877 1.609 l.631 1.581 1.603 
- - • - - - - - - ---- H MEAN V&LUES - --··1.179 . --------- -- ---- - -·-•· 

1.893 1. 606 

II oo. 2300 1.161 1.293 2,.997 2.378 2.580 2. 318 2. 0'• 8 l. 839 

MF.AN VCLUES 1.227 2 .688 2. 196 

It 30. 2300 1. 527 1. 48 8 3 v732 1. 982 2.443 2 . 508 1.297 1.337. 
.. •--- --··- - . MEAN ·vuuEs - ------ -r~·-s ·o8 -- 2-.E 57 --- - i. 895 ··-.. -- -- --- - -- · .. -·-·- --- - - -· 

TI oo. 0100 0. 929 0 .920 2,096 2.104 2.255 2.279 2.265 2 .2 88 

MEAN vt.l □ ES c.n 1• 2 .100 2.272 f-' 

rI 30. 0100 1.169 1 • 211 2 .. 711 
<.D 

2.318 2 . 319 2. 239 1. 9Ri! 1.914 0 

-----· -- - -· . ----- -- MEr.N- iJt.LUES- ----- c:T i:Jo - 2-:sr5 2 • 11 4··- - --------··-

It oo. 0300 0.140 0.759 1 ~ 766 1.942 2. 386 2 . 328 ?..623 2.559 

MEAN Vt.LUE S o . 749 l.854 \ 2 .474 

It 30. 0300 o. 794 o. 823 2 .. 361+ 2.350 2.978 2.874 2.%1 2.857 
-- "--·· · -----•--·. ME A N- Vt.LUE·s - --- - -·o. 808 --2. 918- --- ---•--- ·••·• ·•· ·-

2.357 

It oo. 0500 0.1373 1.235 2 u670 2.737 3.058 2.162 3 . l 36 2 .216 

"1EAN VlLOE s 1.054 2.704 2.1>43 

tt 31). 0500 l • 2 2 l 1.1 73 2 . 729 2.859 2·. 2 3 5 2 . 32 8 2.342 2 . 43Q I 

-------------- ·---- ·- -MEAN- VUUES _ _____ l. l 97 - ?.794 -- 2.336 - ---
.. 

IT oo. 0700 o.935 0.918 3 .283 2.823 3 .5 13 3.575 3.021 3.074 

MtAN vnuES 0.926 j.U::>J 3 . 296 

Tt 30 . 0700 1. 111 1. 10 8 2 . 261 3.287 2.035 2.041 2.958 2 .967 
-- ····---:-- - ---- · - ----- - ·-- - -------- MEAN ·· vuuEs------1 ~·1-ro - ----,_·-;n"4- --•·•-

2 . 500 
--- .. -.. -.. -- ·- ---·- ---

. 
, 

--•--•••-- - • •• - ·- -•-- h·-• ••- • -- •··• . , .. _ ___ -- --- ----- - --•----·-·- --· . - ~ . -------· -·- ---•-- ·-------• 



DAY D[PTH Tf'~E CHLOROPHYLL PF.R PHOT OSY NTHFTtC POTENTIAL hSSI MILATI ON ~ATI O-
p A R T r C L E V n I.IJ ME PF. R P~ RTTCLE VOLU ME (PHOTOSY NTHE TIC POTENTIA L/CHL Al 
( MG.ICU . MICRON) ( MG/ HR /CU . MICRON) (MG.CARBON/H R/ MG.CHL A) 

- -- ------- -•· --- ·-- - ·- ·-·-·- - _ (X . toE:::.121 ' X_ .LO E:-:.12 l _ ··- . -- ------·- - -·---- --- --
•. 

TI I oo. 0900 1 . 30<) 1.380 4 . 464 4 . 737 3 . 1.11 3.236 3.620 ,- 3.433 

MEAN VHUES 1.344 4.601 3 . 425 

1I I 30. 0900 1 . 407 1. 36Cl 4.316 1. 327 3.067 3.152 0. 943 o. 970 
-----·--·- ---- - - MEhN - VC[UES l . 388 2. Sil ··2.03·:f ---· -- ---------- - - - -

TT I oo . 1101) 1.122 1.156 4.305 3.936 3.838 3. 72 6 3.509 3 . 406 

MEAN V&LUES 1.13q 4 . 120 3.620 

ll I 30. 1101) 1.133 l. 137 3.618 o. 592 3.192 3.18?. 0.523 o. 521 
--- ------ ------ ---- ------ MEAN ·vuuEs-·-- ··-- 1-:-r 3 5 .. - 2.10·5 ----·- -

1 . 8 55 
. - . -----··· -- --

I I I oo. 130() 0 . 898 0 . 9?.l 2.754 2 . 844 3.067 2.990 3.167 3.087 

Mt AN VHUES 0 . 910 2 . 799 3.078 f-' 
lD 

II I 30 . lJ00 1 . n83 1. 094 3 . ]60 3 . 1-.16 3 . 101 3.070 3.154 3 . 122 f-' 

-- ·-· ---- · ·--·-··-- ---- MEAN - V & LUE s·- ·---· 1·.- QA<) 1. 3 88 
-·-· 

3 .~112 
. --· ··- .. ------- •·-···-

I I ! oo. 1'>00 1 . 143 1 . 7.18 3 .B52 4. , .. 3 7 3. 3 71 3. 163 3 .~1]3 3.644 

ME J\N V&LUES l. 180 1t. 14 5 I 3.515 

It T ':\O. 1500 NO DATA NO DATA 3 . 448 3.413 3.060 3. 02 8 
..... ·---· --- --- --- MEAI.JVALUC ___ ·- ·-- --·. --

3.237 

I II oo . 1700 NO DATA NO DATA 2.345 2.5 82 2. 7.15 2.440 

MtAN VALUt 2. 39 5 

T II 30 . 1700 NO DATI\ NO DATA 2.326 2.272 2.743 2 . 6AO 
---·-----··-· ... ··--- ------- ·- MEAN ·vALUE __________________ ---· --·· •-· . -· --··- ---··-- - ·•• ----

2.505 . . 
Tr! oo . 1900 NO DATA NO DATA 3 . 708 3.63f> 3 . 070 3 . 010 

r18t°N V/\LUE 3.3~0 

ITT 30 . 1900 NO DA TA NO DATA 2 . 634 2.4 13 1 2 . 473 2.329 
- --- ·---- ·- - -- .. --- MEAN VALUE ___________ 

2.479 -- . ·• ----· -- • --- -------. 
; 

--- - -- --- ------ .. -------------- -- -·----- --- .. ----•--- -- ··•·- ~ --- ---------



' 

DAV DEPTH TtME CHLOROPHYLL P FR PHOTOSV ~THE TIC POTENTIAL ASSIMILATION RATIO-
PA RTtCLE VOLU~F. PER P~~TICLF VOLUME (PHOTOSYNTHETIC POTENT!AL /CHL Al 
(M<;./CU.MTCRONI (MG/ HR /CU. MICRON} (~G.CARBO N/H R/MG . CHL Al 

··- - - - · · -·· · -· __ ., ____ . ---·· ··· - ·--· --- - -· -·· (X . lOE-t?J LX.-10£:-.12 .. l ---•·---- - -------•- -· - . ------ -
·. 

rt T no. 7.100 Nn DATA NO OATA 3.36q 3.q313 3.92l, '4.587 

MEAN VALUE 3.955 

TY I 30. 7.100 NO DATA NO DATA 2.805 2.974 2.%5 3.144 
-------- --- --·- - ---- - - MEA~VALUE 2.972 ···- - -

I II oo. 230() NO DATA NO DATA 0 . 473 0.479 3.704 3.750 

MEAN VALUE 2.101 

I I T 30. 2300 NO DATA NO DATA 0.514 0.506 2. l 92 2.157 
1.-_ - - - --- - -- • ··- . - . ··- ... MEAN- VALUE 1.142-· ··-- ---- - ---

I II oo . 0100 NO DATh NO DATA 2 . 874 2.850 2 . 017 2 . 000 

MEAN VALUE 2 . 1t3 5 t-' 
lD 

I ti 30 . 0100 NO DATA NO DATA 1 . 34q l • '• 4 7 0.609 0 . 654 N 

----- - - .. . -·-· . .. ~ EliN- VALU E l.015- --· - -------•------· - · 

I rt oo . 0300 "JO DATA NO DhTA 2.2't6 2 . 351 3.121 3.267 

MEJ\N VALUE \ 2 • ? 1t6 

l!t 30. 0100 NO DATA NO DATA 2. 43 5 2.619 1.524 l. 63 8 
·----- - . - · .. -·- ·· ·-· MEAN'"VALUE---·--·· -----· ?. • 05·4-·- ----- -- - - ---

I II oo. O"iOO NO DATA NO DATA o. 735 0.789 2.911 3.12 6 

Ml: /\N VALUE l. 890-

I II 3 o . 0500 NQ DATh NO DATA 2.952 3.005 !.480 1.506 
- . ··--· ·-- ...... "4EhN-·VALUE - - ... 

2. 23-'> -- -- -- -· - ------ ·-
. , 

tl y oo. 070() NO DATA NO Di\TA 1.799 1.896 2.003 2. 112 

MtAN VALUI: l. 95 3 

I I I 30. 0700 NO DATA NO DATA ,. o.519 0.522 1. 765 1.774 
- -·-.,. ____ - -·· - -- . .. - -·-- MEAN ·vALUE·-- - 1. 145 

------- --•--· -- ---·- - - -------
. .. 

' I 

I 

r 

··- ·-- -·--- ----·- ·-- . - ·- - ----·· - ·----·-·---·-

~ -



o,;-vo E P-fH- rr MF. C~LOROPHYLL PER PHOTOS YNTHETIC POTENTIAL ASSIMILATinN RATTn-
PARTYCLE V'lLIJME PER l1 ARTICLE VOLW-1E (PHOTOSYNTHETIC r n TENTIAL/CHL A) 
( MG. /f.ll .MY CRON l ( MG 'HR/C'J. MT CRON) ( MG. CARBON/HR/ MG.CHL A) 

--·---- __ . _ - ······ ____ _______________ (X _lOE.:-12l _ _ _ _ ___ _ (X_ lOE:::.12}_ ___ _ __ -----·-· __ .. _ - --·-------- - - - -

IV 

IV 

('10. 0900 

30. 

MEAWVt:LIJES 

0900 

l.3fl9 1.324 

1. 3 5 7 

0.819 O.A?..O 
-- ----- - -- -- . MEAN - V&LUES --· -0. 8f9 

rv 60. 1100 1.601 1.556 

IV 

MEAN VtlOES' 

30. 1100 

l~B 

o. 737 0.750 
---------- ---- ·---. ~EAN -·vi:LUES _______ o_.-743 

IV 00. 1300 1.384 1.421 

H"EAN Vi:LUE S 1.402 

JV 30. 1100 0.639 0.612 
----- -···---- MEAN" V&[UE s-·---- o -:-6-?..6 

IV oo. 1500 1. 496 1.496 

MEAN V!:l □ ES l.49b 

IV 30. 1500 0.693 0.681 
. --· .. ·-· ·-· - ~EAw·viLUEs--·----·-· o~-6-87 

lV oo. l 70'J 1. 491 1.457 

MEAN vtlUFS' r.TT7t 

TV 30. 1700 0.665 0.619 
-·· - ----·---- .. MEAN- VUUEs - -·---o~-642 

IV oo. 1900 1.249 l. 22 6 

MEJ\N V&LOES r.7TI 

TV '3 o. 1900 0.676 0.661· 
MEAN ·y CLUES -·----- 0 ;M,8-

4 . 668 4.245 

4.457 

1·.533 0.356 

"6:97-6 

3 ~897 3.792 

3. 844 

1.747 1.525 
. l .636 -·-

4,455 4.431 

4.443 

0 . 2 76 1.707 

·-o~ n 
3.671 3.958 

J:817t 
1..287 1. 1t80 

---1 .3A3 

3 ,,274 3 .• 437 

l.~60 1.357 

1.358 

1.249 2.756 

o .• oa2 1.377 
-- --o-;·r2 (j 

3.360 3.526 3.055 : 3. 207 

3.287 

1.934 1.931 0.435 o. '•34 
--- -- -~ -

1.184 

2.435 2.504 2.169 2. 43 7 

2.43& 

2.372 2.330 2.')6C) 2.033 
------ ·-·- ··--···----

2.201 

3.220 3. 135 3.202 3. 118 

3.169 I-' 
<.O 

0.432 0.451 2.67? 2.787 (;.) 

- - -- -- - ---- --- - --
1.5% 

2.454 2, 1t54 2.646 2.646 

2.550 

1.857 1.891 2.135 2. 174 

2.01"t; · ·- ----~·---

2.196 2.249 2.105 2.360 

. 2 

2. 0 1t5 2.197 2.041 2.192 
- 2. l 1°9 --- - --- - . - --- --

1.000 1.019 2.207 2.248 

1.619 
0. 1.21 0. 124 2. 03 7 2.084 

-- 1: 09·c · . •~·•--·--- ··--------------

-·-------·--•--·---··-·· -- - - -- ---· --- - ------------------------- - - -- - - --------- ----- -------------- -- - - •·-·-- t i 



O.\V DEPTH TIME CHI.O!H1PHVLL PEP, PHOTOSVNTHF.TlC POTENTIAL ASST~lLJ\TI ON ~J\TT O-
PARTtC.LF VOLU ME PER PAP.TICLE VOLUME (PHOTOSY ~TH ETIC PO TENTIJ\L /C HL A) 
(MG./Cll.MIC~ON) (MG/HR/Cll.MTCRON) (MG.CAR BCN/HR/ ~G. CHL Al 

- -·•·•• -- ...... - ... . - --···•· - - . --- -- -- I X . l O F._-12 l (X ... lOE-12) ---·-- -- - ... -- ---- --- -- -· ---• - ·-----
·. 

IV oo. 2100 1.574 1.549 2.134 2.271 . 1.388 1.410 1.44 3 1.466 

MEAN V&LUES l. 5 6?. 2.22 8 1. 42 7 

IV 30. 2100 0 .657 0 .671 1.330 l. 406 2. 02 5 1.983 2.141 2. 097 
... - - -- .. ----·- ·-·. '1EhN. V&LUFS o. 664 -·-· 2.061 

... 
1.368 

IV oo. 2300 1. 033 l. 074 2.264 2.190 2.192 2. 107 2.120 2.039 

MEAN"""Vi.LO ES 1.054 2.221 2.114 

IV 30 . 21()0 o. 735 0 .639 1.405 l .468 1.911 2.198 l. 997 2.296 
- --- - ··- - -- ---- ·--···--- ----• - ----- .. ---- -- - ·-· -- - - ----· M EJ\N - V&LL)E S -- - - o--:-6"87 --r --:-436 2 . 100 

lV oo. 0100 l.027 1.181 2.306 2.052 2.245 1.953 1.997 1 . 733 

MEAN V&LOES 1. IO't 2 .179 1.983 I-' 
(.0 

TV ~o. 0100 0.8Q7 o . 890 1.878 1. 798 2.095 2 . 110 2.005 2.019 + 
·----------- ·--- · --------- MEAfr v& c u~s----·-·o ; ·i:f9·4- · ---1. 838 2:o s1 ------- -- --------

TV oo. 0100 1 .1 86 1. 13 3 2.71)3 2.780 2.279 2.386 2 . 345 2.454 

MEi\N Vi:LUES 1.159 2.742 ' 2 . 366 

TV 30. 0300 0.960 1 . 014 2. l:~6 2.324 2.213 2.096 2.420 2.291 
-- ·· ··-- .. -·-- - --MEArf-V&LUES _______ 0 ; 9·3-7 · 2.225 -· ---------· 2.255 

---- ·-·- --·••·-•• -

IV oo. 1)500 1.3136 1. 54 3 3.6]3 3,501 2.622 2.355 2.5 84 2.321 

MEhN Vf.LUES I. 464 3 . 607 2. '• 71 
IV 30. OSCO o.59q 0.610 0.012 l.561 0.119 o. 1 n 2.607 2.561 I 

-- ·-- -- •- · ·- -·- ---·-- . -· ·----- MEAW VlLUEs--·----· o~-6()°4- - - 0.816 l. 3 51 
--- - - ·•-··-- - - . ·----- -- --

. . 
TV oo. 0700 0.97.8 0.880 3. 3 72 3.644 3.632 3.331 3.924 4.139 

MEAN VUOES 0.904 3.50H 3. 8 /)l 

IV 30. 0700 o.536 0. 5q 8 1. 135 1.333 2.209 1.982 2.486 2.231 
- ·-·- ~ ·• - .. 

MEAN V&LUES --·· o.567 ------1. 259 ·- - ·-·--· -·- -- - 2~227 
- .... . .. - - - --- ·· ·---. 

, 

···------ ----·---··-··- -~ -- ...... ___ ·-------·------. ---· ·-- -- - .. ____ - - ------- -----



DhV DEPTH TIME CHLORrJPHVl.l PER PHOTOSYNTHr-TIC POTENTIAL -~~ · ··· · ·-A':)':) IM IL A I I ON R /\TT o-
(PHOTOSYNTHETIC POTENTTAL / CH L A) PARTIC LF VOLllME PER rARTICLE VOLUME 

(MG .ICU. MICRON) (MG/HR/ CU.MICRON) (MG . CARAON / HR/~G . CHL Al 
________ . ··---------------- ( X _J0E - 12} ________ __ J _X __ L0E -:-:.l.2 ) ___________ _ ------ -- .. --- -~--· - - - ·-···- ·· 

V oo. 0900 1 . q73 1 . g66 5 e l37 5.688 2. 597 2 . 613 2.875 : 2 . 893 

''1EAN Y l:LUE S 1. 972 5 . 413 2.745 

V 30. 0900 l . 44Q 1 . 495 2,, 688 3 . 11 5 l . 85lt 1. 797 2 . 14') 2 . 083 
-- ------- --- MEI\N V&L UES - 1. 472 2 . 901 1.971 

V oo. 1100 1.446 1.3q8 4, 167 4.12 5 2 . 881 2.980 2 . 852 2.950 

MEAN V&LUES l . 422 4 . 146 2.916 

V 30 . llOO 0 . 667 0 . 102 l. 954 1 . 913 2.930 2 . 786 2.869 2. 727 
--···---- ·----- ·- ---· .. MF.AN Vf.LUE_S _ ___ __ o:M14 -·- 1~ <f34 -· -- - . . 2 . 82 8 . . 

V 00 . 1300 l. 442 l . 28 7 

MEAN V&LUE S 1.365 

V 30 . 1300 0 .729 0 . 74 0 
- -·- ---·- · ------- - MF.hN vuues·------ o . 73'l 

V oo . 1500 1 . 158 1 . 347 

MEAN VlLUES 1. 35Z 
V 30 . 1500 0 . 7()4 0 . 771 

--·--·-- ---··- - -- --- -·-- MEAN -vr.tues - ··· --- o. 1a2 

V oo . 1700 1.7?.5 1.23'• 

MEAN V!:LUES I:"2n 
V 30 . 1700 0 . 722 0 .735 
- ---- -·--- ~EAN'V&LUES ___ -o'~72A -

V oo . 1900 1 . 111 1 . 176 

MF/\N Vf..lUES r.T77+ 

V 30 . 1900 0.630 0 . 64 7 
-- ·· · ··· -- ME/\N vuues·-·· ·-- o·;6·3A-·-

-------------·-- ----- ·-----·- ----------•-- -------------

3~827 3 . 758 2 . 654 2 . 973 2 . 606 

3.792 . 2.789 

1.564 1.324 2 . 14 6 2 . 113 1 . 817 
·-i . 444 --·- 1; %6- ·-

3 •. 233 3 .671 2 . 3 84 2 . 405 2 . 703 

3 . 454 2 . 554 

1. 0 80 1 . 217 1 . 360 1 . 401 1 . 533 

2 . 919 

I-' 
lD 

1.78'> u, 

2 . 7?.6 

1. 580 
·---•···· • H- -•••-• H •• •--- --• • •HHOH H - • • •- • 

1 . 148 

3.625 3!641 

3 . 633 

1 • 7 40 1 • f3 0 8 

- ··1 . 774 

3.557 3 . 160 

3 . 3~9 

l. 126 1 . 476 
--· ·- 1 ~301 ______ _ ___ _ 

2 . 960 

2 . 412 

3 . 039 

1 . 788 

l . 468 

2 . 93R 2 . 973 2 . 951 

2 . '155 

2.369 2.505 2 . 461 
- -- -----·- --- - - --

2.437 

3. 0?.4 2 . 6q9 2.686 

2. 862 

1 . 742 2 . 343 2 . 2fl3 
-- --- ·--·-- -· - ... --· 

2.039 



DAY DFPTH TT~E CHLORrJPHVLL PER PHOTOSY NTHET re POTENT I AL ASST ~ TLATION RATIO-
PhRTICLF. VOLUME PE R PAR TTCLF VOLU ME (PHOTOSY NTHET IC POT~N T TAL/CHL A) 
( MG./f.U.MICR ONl (MG/ HR/CU.MIC RON) (MG.CA RR ON/H R/ MG .C HL A) 

_ ___ _ _ ··· ·- - -·-- __ ·-· ·- . - - ·· . ---·--- - -- ·-- ··- __ (X _ lOE-_17.J .. ... J X __ l . Q_E_-:_12) ·-·- ·-·-------- - --- ----- - . - ---
·. : 

V oo. 2100 2.175 2.133 4.146 4.227 l.906 l. 944 1.94'• · 1.982 

MtAN VCLUES 2.154 4.187 1.944 

V 30. 2100 1.489 l.483 2.503 2.701 l .681 1. 68 7 1. 8 14 1. 821 
\ . . ---- -- - ·------- --· MEAN --VCLUl:S ______ l .486 ·2. 60-2 1. 751 ... .. , ~ 
·:··:ri 

V bo. 7.300 2.521 2.421 4.410 4.523 1. 749 1.821 1.794 1.868 
~ \ ,. 

MEfiN Vll □ ES ?. 471 '•. 466 1. 8 08 

V 30. 2300 l.725 t.740 2.978 2.791 1.726 1.711 t.618 1.604 
--··---·- -- - --···- - --•- ----- MEAN· -v ct.:uE ·s - --- -·· 1 ~-732 ----2 • lf 84 --- --- l . 6 65 _______ -- -- ---- ----••-----

V oo. 0100 l. 704 1.666 1. 9 82 2.413 1.163 l. 18 CJ 1.416 1.448 

Mf:AN V!:LUES l.685 2 .198 1. 304 I-' 
(.() 

V 3 o. 0100 1.655 !.671 2. '• 52 2.543 1.481 1. 116 7 1.536 1. 521 0) 

·-- -------- -- -- -- - . --- - - ---- MEh N- V&lUE s ·- -----1. 663 ·-- 2-.497 ·-· 
1. 502 

-- --·-·- -

V oo. - 0~00 1.291 1.301 2.043 2.486 1.582 1. 5 70 l . 926 l. 911 

MEAN vt.LUES 1.2()6 2. 26 1, 
' 1.747 

V 3 0. 0'300 0.789 o. 776 l. '• 85 1.450 1.883 1.912 1. 8 38 1. 86 7 
·- - - ----- -·--- - -- --- ·-- ---· ----·-- -••·-·• MEAN--VCLUES·------- o:783 1 .467. ·---·-·----- ·- --·-· . 1. 8 75 

- ·-· - .. ···---·-·-·-· ·-·-·· 

V co. 0500 1.312 0.816 2.567 0.732 1.956 3.145 0. 5 5 8 0. 897 

ME/\N Vl:LUES 1. 064 1.649 1 . 6 39 

V 30. 0500 0.877 l.405 1. '.i09 1.493 1. 721 1.074 1.70'3 1.063 
·- ·--- ---·-·· -- --- - ----. MEAN vr.rnEs-- ·- ---- i -~-1 41 ---·- 1 ; 50 l -·-·•·--~- ·----·- -- 1 .190 

•·------ . ·- -·--- -- --- --
. . 

V oo. 0700 1.263 1. 2 '• 8 2.695 3 .260 2.135 2. l ~;g 2.582 2.612 

MEAN V &LOE S l.?.55 t'.. • 'J f I 7- . 372 

V 3 o. C700 o. 726 0.790 1.646 1.623 2.268 2.0 8 5 2.236 2. 056 
. -·-·- . -- -- ·- ... .. . .. - .. MEAN VCLUES - . ···-· 0~758 --- -- --- .... Y.6 '.3 5 . ·--•· ·-•---·-· -.. -

2. 161 
·-··· .. . - --•-- ··· - · 

. 
' 

------------- . ·-----·--- ·-·--··------ -- ·· ----·-·-·•-··-- ---··----·---- •·•-.. ·•···. . .... ••··. -·- ·•··•·- •·•·•· - ·- -•-- ·--- -- ----·-



O\Y DEPTH TTME CIILnRC1PHYLl PF.R PHOTOSYNTHFT IC POTENTil\l 
PhRTTCLE VOLUME PFR PARTfCL~ VOLUME 

ASS!~JLhTTON RhTTO-
(PHOTOSYNTHFTfC POTF. NT IAL/CHL A) 

IMG . /CU . MTCRCN ) IMG /hR/CU . MICRON) (MG . ChRBON/H R/MG.CHL h) 
-·· ..... ___ -·-· ----- ·· -·---··. ( X _lOE- 12) _ ______ _ IX __ LOE- .L2.l _____ ___ . __ _ 

--• - - ---·•-·-••· ·--·--

VI co. 09 00 1 . 06P. 1.029 

MEAN Vl:LUES 1 . Olt9 

VT 30 . 0900 0.726 0 . 738 
·-·- - - --- ... -·· - --- - MEAl'~ - Vr.LUE S -- . 0 . 73? 

Vl 00. 1100 1 . 110 1 . oq9 

VI 

VI 

MEAN Vl:LUES 

30 . 1100 

1 . 104 

0.111 0 . 686 
··-· ·- ···. M EA N-·v I: LUE s - ·--- -··o".-73 l -·---

oo. 1300 0 . 920 0.997 

l{E:AN Vl:LUE$ 0 . 9 58 

VI 30. 1300 0 . 846 0.855 
- - ··- ·--- - ----·- MEAN- V"l:LUES ____ O. 851 

VI oo. 1500 1 . 248 1.373 

rn--vr;ru Es 1 • 31 o 
v1 30 . 1500 o.q29 o . 9?2 

-· - ·-----··-·· - . -· ······ . ... ··-·- - M E AN . V 1:L U E s--- --··· ·--· o ·; 9 ·2 5 

VJ oo . t 700 1 ■ lt6 7 l . 414 

VI 30. 

VI 00 . 

~Eil.N Vf.LUES 

1700 

~ 

0 . 880 0 . 851 
-·······-. MEAN -v l:L UE s------- 0 .--86 5 

1900 1 . 317 l.228 

Mt:AN Vt:LUES l ■ l r l 

VI 3 0 . lllO O O • 7 5 9 0 . 84 7 
· ---. MEI\N VF.LUEs -··-·-o·. ao, ·· 

5 .546 5 . 41 6 5 . 191 5.38() 5 . 069 5 . 26? 

5.481 5 . 228 

1.840 1.734 2.535 2 . 492 2 . 338 2.348 
------ ---- --- -

l.7A7 2. 1t4 1 

5.1 2 3 5.331 4 . 613 4.663 4 . AOl 4.853 

5.227 4 . 733 

2.539 2 . 411 3 . 269 3 . 702 3 . 105 3 . 516 
---- 2 . 475 3 . 3'}8 

4.9?6 3 . 985 5 . 354 It• 9lt2 4 . 331 3. 998 

4 . 455 4.6'>6 
I-' 

2.370 2 . 143 2.800 2 . 7 72 2 . 537. 2.507 
<.D 
--.J 

--r~-z-56 2.653- - --- ·- - - --1 

4.4 41 3.808 
1t . i-24 

1.637. 1 . 729 

- 1.680 

3.805 3 . 746 

3 . 775 

2 . 139 1 . 449 
--1--;-794 

2 . 271 1.760 

l . Olb 

2.026 1 . 629 

- · · 1~ 828 

3 . 558 

1 . 757 

2 . 593 

2.431 

1.725 

2 . 071 

3 . 235 3 . 051 2. 774 

3.154 

l. 771 1 . 861 1.876 
1. 8 ib·-·· · ·---·•·· ··-

2.690 2.551 2 . 649 

2.621 

2.513 1 . 648 1. 703 I 

-··- ... ·----- -· -------
2 . 074 

l . 850 1 . 337 l . 434 

1. 586 

2.3()3 2.148 1. 92 1♦ 
---·-·· ·-- . -·· ------------2.284 

- ------- ------ --•- - ···--- - ·---- - . - - ---- ----- -- ---------· 



CHLOROPHYLL PF.R PHOTOSYNTHETIC POTENTIAL AS<;IMILATION ~ATTC-
PARTfCLE vnLUMF PER PARTICLF VOLUME (PHOTOSYNTHETIC POTENTIAL/CHL A) 
(MG./CU.MfCRON) (MG/ HR/CU.MICRON) (MG.CftRDON/HP/~G.C HL A) 

DfiVDEPTH TIME 

---·-·--··--··-··- -- -···- _ ----··-· __ __ ________ ( X __ LQ_E.--:121. _ _ _ ___ _ __ (X _ _ LO E-=..l.2) _ ___ ____ _ _ _ .... ------·--·-· . ·--·-------------- -

vr oo. 2100 1.050 l. 034 

HEAN V&LUES 1;042 

VT 30. 2101) 0.746 0.752 
--- - ·-------- --- ME AN--V & LUE s-·----· 0. 7 4 9 

Vl oo. 2300 1. 51,f, 1. 54 3 

MEAN Vt.LOES 

VT 30. 2300 O.R05 0.795 
- - ---·- ·-- - ---- MEAN- v r.lUtS ______ o: aoo--

VI 01). 0100 1.961 1. <J4 l 

M!:AN Vt.LU l; 9 51 

VI 3 0. 0100 o.947 o.q15 
---- - ----· -- ·· MEAN- V&LUEs--·o. 931 

VT oo. 0300 1. q24 l. R6 4 

1-;-s94 

VT 30. o :rno 0.110 o.833 
----· - ·-- - - -- ----------- MF.AN -V&LUES ____ --- ···o;-Ro2 

VI 00. 0500 

HIT~TUTT 
1.908 1. 832 

r:1TTU 

VI 30. 0500 0.839 0.815 
- - - -- -. -- - - ------ -- · .- MEAN . V&LUES-- -- - o. 827 

VT 0 o. 0700 1. 727 1.590 

VI 30. 0700 0.823 0.840 

MEhN V&lUES . - - o.-1n1 

1.959 1.895 

1. 927 

1. 296 l.098 

1.197 

2.779 2.820 

1.258 1.218 

1.238 

3.395 3.751 

3.5"!3 

0.450 0.366 

o·.4o11 

3. 6 70 3.814 

3. 7 1t2 

1.065 1.231 
---1 .148 -

4.809 4.3'>9 

~I 

1 • , · 19 l. l't9 

·-·1-:·T a4 

4.507 4.494 

'+ ■ 

1..:;:00 1.290 
- -··-r:-zi. -s 

1.865 1.8()4 1.1104 1.831 

1.848 

1. 738 1.723 1.472 1.460 
l. 598 ____ . 

1. 775 l.ROO l.ROt l. 827 

1.801 

l.'564 1.582 1.514 1. 532 
-- - ----·-

1.548 
---·--- ... . ·---- ------. ··-

l. 731 l. 749 1.912 l. 932 

1.831 f-..J 
<.D 

0.475 0.492 0.387 0.401 co 

0.439 

1.qo1 1. 969 l .9>32 2.046 

l. <'176 

l. 3 82 l.27 8 t.599 l. 478 
·---- -•-- -·---- ·---•---- --·-·----1. 1134 

2.521 2.624 2.2R5 2.379 

2.452 

1.452 1.495 1.369 1.410 
-- 1~432 

- --· .. •----- -· --· -

2.618 2.835 2.610 2. 827 

o I 2 . 

l .458 l.428 1.569 l. 536 

l .49R 

-------------- -· --·-··-· ----,-- - ···--__ .,_____ -- ·----·---·- ----- . I I 



O,\Y OEPTH TTME CHLOROPHYLL PF.R PHOTOSYNTHFTIC POTENTIAL 
PART!CLF VOLUME PE R PARTICL E VOLU ME 
(MG.ICU.MIC RO N) (MG/ HR/CU.MICRON) 

ASSI~ILATION qATIO­
(PHOTOSY NTH ETIC POTF.N TTAL/CHL Al 

(MG.CAR BON/ HR/ MG.CHL Al 
........ ··------ ____ .. IX . lOE-12J .. __ _ _ _ ______ ( X . . 10 E--::.l 2 } _ _ _ _ __ _ 

VI I 00. 0C)00 l. 69A 1.741 

M!=AN Vr.LUES l.718 

VII 30. QQO() 0.913 0.875 
. ·-----·· - - ---- ····- -- - MF.AN- -Vl:LUES-- ---(). 894 

VII 00. 1100 l.272 1.264 

qEAN Vf.LUES i.m 
Vlt 30. 1100 0.684 0.647 

MEAN VGLUE S- - --- 0~ -6-65 -

VI T oo. l300 1.370 l . ?.3 3 

MEAN VlLUFS t.101 

4. t, 92 5.701 

5. 196 

l.875 1. 774 
- --i. 825 

4.213 

4.14 

l. 119 

4.078 

0.992 

1.055 

4.526 4 .727 

4.627 

2.767 

2.053 

2.695 

3 .02 5 

2.1'+4 

3. V,2 

1.943 
---- 2 .042 -

3.313 3.334 3.207 

3.270 

1.636 1. 730 1. 450 

·- l. 58 7 

3.305 3.671 3 .4 51 

3.275 

2.028 

J. 22 7 

l. 533 

3.833 

1--' 
<.D 

VII 30. 1300 0.662 0.673 1. 1,93 1.178 2.255 

3.565 

2.2?.0 1.779 1.751 <.D 

- -------- - ------ ------·-- MF.AN- Vf.ll.iEs- ---·o-;€67 1.3 ·:f5 ----- --- 2. 0 01 

Vil 00. 1500 <7""r.-rT-r.--:~ 1.223 1.239 4. 3 5Q 4.290 3.563 3.5 1 8 

HEAN VtLU~ 1.7.31 4.325 3 . 513 

V IT 3 0. 150 0 0. 81 0 0 • 7 8 A l • !i 9 2 l • 4 3 4 l • 9 6 6 2 • 0 2 l 

··-- - - --------- " MEAN--V&LUE"s-··-·-· o-:·1·99 1-:-513 1.sg5 

VII 00. 1700 0.99P. 1.077 2,926 2.996 2.931 2.716 

,,.,F.i\N V&LOE5 r.o-Til" 

vrr 31). 17~0 1.038 1.042 
. MEAN""" V & CUE s- - - ---·· r:·040 

VII 00. 1900 l. 06 3 0.970 

"IEAN VClOE S r.rrn 

1. 7 50 1.711 
--·1 ■-731 

2. 7 48 2.629 

1.687 

2.586 

2. 8 57 

1. 679 
- -·· 1. 66-4 

2.83?. 

7..650 

3. ,01 

1.771 

3.001 

1.649 

2.474 

VI t 30. 1900 l.06l 1.085 
- -- - - - MEAN ·vr.LUE S ····-- - . . r :-073·------

l. ' .- 02 1.3 83 

---1. 393 
1.321 1.291 l.303 

-------- 1·. 298 

-· ---- --- - ·--·---··· . ··--·-·-- - - ---- ·--··•------·- ------·--··---------- ------------ ---------------· ---- .. 

3.463 

1.821 

2.781 

t.642 

2.709 

1.275 



DAY DEPTH TIME CHLnRrJPIWLI. PER PHCTnS\'NTHF.TIC POTENTIAL ASSY MILATifl N RATIO-
PARTTCLE VOL!JME PER r·AQ.TICLE VOLUME (PHOTOSYNTH ETIC POHNTli\L/CHL A) 
(MG . ICU.MICRON) (MG/HR/CU . MICRON) (MG . CA RAON /HR/ MG.CHL A) 

-·· ·• - ---·· -- ···- ··· _ __ .. .. ..... ... •···-· -- ·-· _______ __ . ( X . lOE-12 ) _ ______ _ ( X. l .0.E".'.'..12.l, _ _ _ _ ___________ ___ _ . .... --·• _ ·•-·· ·- -- -

VII oo. 2100 0.929 0.948 1 .. 657 1.480 1.784 l. 74 7 1.594 ; 1.561 

VII 30. 

ME AN Vt.CUES 

7.10 0 

<'f;,n-') 
1.070 1.045 

·-·--- ----- · · . --··· ·•-···• -- - - - ' MEAN ·vr.rnEs -··- ·--· · c bsR· · 

VII 00. 2300 1.426 1.410 

MEAN Vf.LUES r.n 
VII 30. 2300 o.aoo 0.788 

---- --- ---- ·-··-•· - ·- MEAN Vl:LUF.S ____ -· ·- o-;794 --· 

V l I oo. 0100 1.290 1.263 

MEAN V !:LOE$ 1. 277 
VTI 30. 0100 0.8R7 0.892 

MF.AN ··vr.t:uEs ···- -· ···· ·o;· aqrf 

VI I 00. 0100 1.254 1.215 

o l' 44 

VII 10. 0300 0.874 1.077 
·-·- · . . MEAN ·vuuEs·-- -·-· . 0~··976 ····- --

VI I flO. 0500 1.053 1.138 

MEAN V!:l □ ES r.o1'f5 

VIT 30. 0500 0.807 0.896 
-- ------- · -- ··- -------- ---------·-• ME AN - v & L.U Es- -·-··-·o; 8 5 2 

VY I 00. 07()0 l. 63 7 1.572 

MEI\N V&lOt-S lo bU.:+ 

VII 30. 0700 0.831 0.859 
. - - . ·-. MEI\N . Vt.LUEs -- · --·--o~-845' ___ _ 

1. 569 

1..368 1.366 

l.3b7 

2. '• 84 2.296 

0,958 0.937 
- ·- o-;·94a 

2 •. 002 

2. 

2.094 

1.200 0.940 

--1. 070 

2.397 2.485 

2.441 

0.737 l.38 1f 

--·-·1.06'1'--

3. 511 3 .• 506 

-- 3.508 

l.5S8 1.401 

- ··1. 48' 

5. 0 75 4.828 

• 7 ...J 1 

0.490 0.591 
--··o-; S-4 r 

1.278 

1.741 

1.198 

1.671 

1.308 

1. 2 93 

1.761 

1. 68 5 

l. 21 7 

1.277 

1.610 

1. 171 
------ · .. 1. 194 __ __ 

1.552 1. 5 85 1.623 

1.601+ 

1.352 l. 34 1, 1. 060 
·-·- -- -······-· 

l. 203 

l.912 1.941 1.981 

1. 962 

0.844 0.6 84 1.5 83 
-••-- ---··-- ·-·•---

l . oq 9 

3.335 3.08 4 3.331 

3~ 

1.943 1.750 l. 735 

l: 71t8 --· ·-

3.101 3.22 8 2.950 

3.087 

0.590 0.570 0. 711 
-·--·----- -·•-· --··-0. 61+0 

·--···-·------.. -·-•---·•-·- ·--------- -- --·-··-·- --··--•·--•-- -

1.307 

1. 62 8 

1.190 
· - ·--· •-··-· ---·--- - -- --

1.658 

tv 
0 

1.054 0 

-· -·--·- ·• - - ·- ·- -- -- - --

2.012 

1. 284 
··------- ·-• · . 

3.08 0 

1.563 ' 
---- -- - -- - ·- --

3.071 

0.688 
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TABLE A13 

(pages 202-215) 

Chlorophyll a concentrat ion (rng/rn3) photosynthetic 

potential (mg C/m3/hr) for Station P cruise , Days A- D 

and Experiments A-C. 

Note: Experiment A is refer~ed to as Day E, 
Experiment Bas Day F and G and 
Experiment C as Day H. 



DAY DEPTH TIME CHLOPOPHYLL A 
CONCF NTRA TION 

(MG/CU. M) 

A - T 00 OSOO 0 . 906 

PHOTOSYNTHE TIC 
POTENTIAL 

( MG/CU. M/HRl 

0 .716 
, _________ 0 . .. 4:f,.6 ______ _ ___ 0 .... . 05.6 _____________ _ 

A - N 00 OSOO 

A T () 0 11()0 

0 . 662 
0.591 

0.857 
0. 7 6?. 

o . ~59 o . 939 
0 . 3A9 0 . 923 

---------~A-.:::: .... N. _____ Q_Q llO.O~ ______ Q.47.7 _________ 0 .. 830 _____________ _ 

A - T 00 

A - N 00 

A - T 00 

A - N QO 

A - T 00 

1300 

1300 

1500 

1500 

1700 

0 .5 84 0 .9 30 

o. o 
Q.77 

o. 61() 
0 .414 

0 .-4(;2 
0.356 

C. '520 
• 0 

0. 514 

0 . 5 1-fl 
0 .5 23 

(j'~"'4'2 i 
0 .33 3 

0 . 361 
0 . 35 

0 . 530 0 . 513 

"' 0 

"' 

_ _________________________ __,.,r. ..•.. 5 ... L3 _________ _,, ...•.. 5 .4.0 _____________ _ 

A - N 00 1700 

PTTJO 

0.49() 
0. 1t4 7 

u.7.i"3 
0 . 1t 3 6 

0 . 4 82 
0.413 

_ _ ________ .,__,A_ - _.:..,N __ .,,,_0-""0 __ ~19 00 0 . 3 7 7 ________ O. 41 O_· ___________ _ 
..... o· .···:rT6'·--- o ·.-'+1"4 



----------------1 

DAY OF. PT H TIME .. CHLOROPHYLL A PHO TOS YNTHETIC 
CO NCENTRATION POTENTIAL 

(MG / CU . M) · ( MG/CU.M/HR) 

A - T 00 2100 0 . 371 O. 3T3 
··-· ·-------- --··-------- Q . _3_?. _4 0 •. 1.7.1 

A - N 00 ?.100 0 . 3":i7 0 . 313 
0.375 0.347 

A - T 00 2300 0 . 3?.3 0 . 4 71+ 
0 . 405 0.482 

A .. . - __ N _____ O 0 2.3.0 .. 0 0 . 35S 0 .43'~ 
0 . -2f1°6 0 . 4-41 

IV 

A - T 00 0100 0 . 317 0 . 566 
0 
(,J 

0. :~CJ ?. 0 . 59h 

A - N 00 01.00 0 . 356 0 . 499 
0 . 355 0 . 542 

A - T 00 0300 d~ --437 o:··a s3 -··-·-- -----------
o. 42 8 0 . 640 

A - N 00 0300 

A - T 00 0500 0 • .31/J · 0 . 613 
0 ._363 ---· o_.Ji.J..2 

A - N 00 0500 0.3[17 0 .517 
0.340 0.545 

A - I co 0 700 0 . 3 5 ~) O.B43 
0 . 367 0 . 919 

A - N 00 0700 0.385 C.710 ... o·~--352 o·.-7 f2 

- - ------------------------------·-------------------- -------·-------



----

. 

DA Y DEPTH TIME CHLOQQPHYLL A 
CONC ErHRfl T ION 

(MG/CU . M) 

PHOTOSYNTHETIC 
POTENT! AL 

(MG/CU . M/ HR) 

8 - OT 00 0900 0 . 395 1 . 278 
----- ----- ---~O~---~t.$_3~ -------~-•.2.32 ____________ _ 

_8 - 13N 00 0900 0 . 182 1 . 196 
0 . 334 1 . 122 

13 -BT 00 1100 0 . 331 1 . 030 
() . 306 1 . 090 

8 - R N ____ Q_O 1.100 c _. _320 L. 033 
0 . 331 0.988 

t0 
0 

B - rn 00 1300 1) . 513 ~ = ~2~ + 
0 . 60 Q 

0 - BN 00 1300 0 . '>69 2 . 139 
0 . 6 55 2 . 184 

B - .dT 00 1 s··oo o. 382 
..... 

l. . 033 
0 . 3118 1 . 042 

B -BN 00 · 1 son 0 . 308 1 . 032 
~ 82 1 . 099 

B -BT 0 0 1 700 0.1513 l.024 _______ o. 261 0 ..• 9.9.7 -----
0 -BN 00 1700 0 . 19R 0 . 969 

o. 2 8 4 1 . 070 

B - 81 0 0 190U 0 . 1t 1 l O. Yl? 
0 . 50R 0 . 953 

8 -BN 00 1900 0 . 429 0 . 900 
o·:··4·1·2 O. t.}35 

. ) 

, 

I 

--- ---·---· - ··- ·----- ---- -- -·---- ----· 

---



l 

DA Y DEPTH TIME CHLOROPHYLL~ PHOTOSYNTHEttC 
CONCENT RA TION POTENTIAL 

{MG / CU . M) {MG / CU.M / HR) 

B -ST 00 2100 o . ,~7't 0 . 541 
.. •- M• - .. ••••N•~••• Q .. • ... ':t:.7.J ________ Q __ • __ 5 .'t:O 

f3 - llN 00 2100 0 . 425 0 . 554 
0 . '+58 0 . 520 

o -n T 00 2300 0 . 350 0-:-5T3 
O. 3 Olt 0 . 507 

n __ - .. BN ___ oo 2.3.0.0_ () . ~34 0 .•.. 5 2.4 
0.330 0 . 527 tv 

0 

A - IH 0 () 0100 0 . 30 7 r'\ -, "n (.n 

0 . 266 

B - Rf\l 00 0 10 0 0 . 298 0 . 6't 7 
0 . 289 0 . 606 

B - BT- 00 ,r:ro·o cf: ·1,t i cr-~-s ·50 
0 . 340 0 . 915 

0 - BN 00 0300 n . 31+1t 1 . 751 
0 .. 2 8 1t 0 . 688 

A - (n 00 0500 0 . 2h4 O .. S76 
Q •. ~J .6 L_._p-7.5. 

B - ON 00 05()0 0.41 1t 1.069 
0 .. 225 1.014 

B - BT 00 0 700 0 . 546 1 . 74 7 
0 . 509 1 . 686 

B -fJN 00 0700 0 . 349 1.441 . 
- -------···· ··-·· ·· ·· ...•.... o.-sr:'3 1~··5t~1 



DAY D!:PTH TTME CHLOROP HYLL A PHOTOSYNTHETIC 
CONCE NTRATTON POTENTIAL 

(MG/CU.M) ( MG/CU .M/ HR) 

C - S 00 0900 c. 630 1. 6fJ8 
o .• J.2 .. 6 .]25 

C - D 30 0900 0.7?.9 0.63?. 
0.695 0.685 

C - S 00 1100 0. 8 l 1 1.877 
0.728 1.786 

·----- ~--··-- C._ - D __ .. 30 tl.0 .. 0 0. S 61 .• ... 0.38. 
o . ·58o 1. 029 

"' 0 

C - S 00 1300 0.750 1. 903 0) 

0.6<)9 ].6.46 

C - D 30 1300 0.736 0. 6 1, 8 
0. 61,8 O.759 

c - ·s - oo 1·so·o cf.-9 3l, 1. 736 
l.'t 74 1.931 

C - D 30 15QO 0,6S<J Q~56 
0 . 6 8'~ o. 532 

C - S 00 1700 0.636 l.186 
o. •.. J .O.f3 0.., ... 9JU 

C - D 30 1700 0.5R.'1 0 .765 
0.712 0.7 1t2 

C - S 00 1900 o • 8 I. 7. o. ·-
0.788 0.805 

C - D_._ , .o .. __ . __ __ l 9 .0.0 0.701 0.578 
0.710 0. -6·03 

---- ·--··-- ···-



DAY DE p·(H TIME CHLOROPHYLL/\ PHOTOSYNTHETIC 
CONCENTR/\TION POT ENTIAL 

( MG /CU. Ml ( MG /CU. M/HR) 

C - S 00 2100 0 . 10, 0.788 
···--O . 7 0 0 -··--- o .• a.5.1 

C - D 30 2100 0 . 655 c.748 
0.670 0.787 

C - S 00 2300 0.716 0 . 88 7 
0 .720 0 . 8 22 

.c_ =._.Q ___ .3_0 2.3.0.0 o .•. 7.4 .. 8 --. ------8:-~i~ 0 . 697 
I'-) 

C - S 00 0100 0 . 504 o .. ass 0 
--.J . 

0 . 61() 0 . 7 61+ 

C - D 30 0100 NG 0/\TA OBTAINED DUE 30 FT SEAS 

·-··-· --···---·- ·-·---
C - S -- 0 0 6 '.:fbo 0 . 605 1.158 

0 . 6'~6 1.066 

C - [) 30 0100 NO DAT A OBTAINED DUE 30 FT SEAS 

C - S 00 0500 0 . 638 1 .23 6 c_. __ 6 3() l ..• J ?, 9 __________ __________ 

C - D 30 0500 NO 0/\T~ OBTAINED DUE 30 FT SEAS 

00 0700 0.66R 1.895 
0 .6 57 1.783 

C_ ~_ D 30 07.00 N O __ Di\ T A ___ O BT /\.lNE_D __ DUE; _3 O __ _FT S.EAS 



DAY DEPTH TIME CHLOROflHYLl. A PHOTOSYNTHETIC 
CONCE NTRATION POTC:NTIAL 

(MG/CU.M) (MG/CU.M/HR) 

o -ns 00 0900 0.511 1 .948 
0. ,505 .• _9.3] 

D -·AO 30 0900 0.407 1.124 
0.3 1+ 5 0.937 

D -RS 00 1100 I) • '5 1 8 1.475 
0.3 38 1.354 

-·---· __ Q_._- B C .. -- 3 0 l .. LO.O o • .59 .6 ...... 1 • . 065 ------•----
0. 52 5 0.936 

l'v 

D -BS 00 1300 0.365 1.456 0 
co 

0 .3 40 1,44 

D -BC 30 1300 ().619 1.208 
0.489 1. 2 89 

o - a·s---·o o 1500 ··0·; ·5·7"9 ·--T .-378 ---- --~---
0.4611 1.488 

n -RD 30 1. '5 00 0 .541 1.026 
J . )_) 4 0.931 

D -t:\S 00 1700 0 • 5 2 It 1.443 
0 .•.. 4.6.6 ..• ...2 .. 9.3 

D -BO 30 1700 0.60'1 1.025 
0.597 1.036 

D -BS 00 rgoo o. 3 7 7t 0.881 
0.401 0.899 

D -BO 30 1900 0.647 0.810 ••-·•---·-·-- ff~·5 Tl o·.· 8 't6 

\ 



---·- -

I 

-\ 

DA Y DEPTH TIME CHLO R Ol >°H Y LL A PHOTOSYNTHE-ft c 
CONCENTRATION POTENT! AL 

CMG / CU.Ml (MG /C U. M/ HR) 

D - BS 0 0 21.00 () . 426 ' C. 358 
- - Q •... '.:t .. ~ .. l 0 .. • .... 8!t$ 

C - RD 30 ?.100 o. 1-+68 0.733 
0 .5 00 0 . 725 

f) - BS 00 2300 0 . 385 0 . 869 
0 . 371 0 . 899 

n -· - B o __ ..... Jo .. _______ .2 3.0 n o .•. 5/tJ n •.. .7 55 
() . 5.:?. t3 0 . 777 tv 

0 

D - BS 00 0100 () . 375 0 . 970 LO 

0 . 387 0 4949 ~ 

0 - 130 30 0100 o . 1tn2 0.774 
0 . , .. q 6 0 . 797 

D - ffS 00 0300 o:·:f<j A 1 . 0(,8 
0 . 3132 1 . 036 

D - i3D 30 0300 () . 617 0 . 798 
I o. :>'>9 o . 7:>".J 

0 - AS 00 0500 o . ?>55 1 . 2 51 
---·-·-- o .•. 3.5 6 _______ ... l .~.2JJ 

D - RO 30 0500 o . 591 0 .961 o. o 0 . 964 
' 

I; - ij:') OU uroo . f.J . ::>/.t! l. • Y:H3 
0 . 608 1.397 

D - .BO ··-· 3 0 0 7._Q.Q 0 . 571 o_ .. __790 cr.·,~,;. .. 6 0 . 767 

I 

; 

' 
--- ,. ____ 

--·-

- - -- --~- -- -- -



-----------------·-·--··---· - --·-······-··-·-··--···-··-····--···-·---·----------- ------ - - --- ---- _ __ J 

DAY OF. PTH TI ME cHCo P,OP HY LL /\ PHOTOSYNTHETIC 
CO NCENTRATION POTENTIAL 

(MG/CU.Ml (MG/CU.M/HR) 

E - l 00 0900 1.408 2 . 582 
l.-.38_9 ·---··-- ?. .•.. 1t 94 

E - C 00 0900 1 . 462 1.3?1 
1.335 2.555 

E - L 0() 1200 l.36? 4 . 012 
L 1 9 5 3 . 935 

E --__ c ____ o o 12-0.0 L._46() .., __ • .466 ... _ 
1 .4 3<) 2 . 1+28 

tv 

E - L 00 1500 1.397 l . ?71 f-' 
0 

. 24:Q .214 

E - C 00 1,00 1 . 596 0.885 
1.605 0.857 

' -~·-··~·••·-•"-·'~••··-··· E. - -··· L---· 0 0 1a·00 1 . 5 6 2 3 . 041 
1.573 2 . 772 

E - C 00 1800 l . 6"i "> 1 . 1+0 
1 . 6 4 1 . 2 03 

E - L co 2100 1 . 578 2. 3 53 
1 .• J>? .O 2 ...•... 4.0.9 

E - C 00 2100 1.758 0 . 928 
1. 736 1. 0 8 2 

E - L 00 2400 1 . 62 A 1 . 9 88 o.o 1 .8 69 

E. - c_ oo 2':t._Q_Q _ L. _8.7 ... ? L •.. .355 o.o 1 . 409 

---------------------------->'---- - - ---- ---------------------------- ---- - --------·-----·-------------- ~ -



-, 

DAY DEPTH TIME 

E - L 00 0300-

CHLOROPHYLL A 
CONCENTR/\TimJ 

( MG /CU. Ml 

PHOT OSVNTH-ET IC 
POTENTIAL 

{ MG /CU. M/H R ) 

l . 633 2 .2 03 

-7 

_____________ l_ _. /-t:.'t.7 _________ 2 ..•. 3 ... 8.9 ____ ..c.._ ________ _ 

E - C () 0 0300 1 .11q 
1 . 83 7 

l .6 08 
1.702 

E - L 00 0600 l . 7H2 
1 . 7 (, 6 

1.691 
1.497 

c - _c___ oo _______ o 60 o _______ z_. QJO _________ l __ ._603. __ 
1.963 1.615 

tv 
I-' 
I-' 



1---- - --- ------------- --- ----------------------------------------------------------------------- -------1 

\ 

--·-- DA Y DEPTH TIME CHLOROPHYLL A PHOTOSYNTHETIC 
CO NC ENT P. t\ TT ON POTENTIAL 

(MG / CU . M} { MG/CU . M/HR) 

F - BL 00 0900 1.?00 1.686 
·-·-·- l __ .JJJ l ... • ... 5.2!t 

F - BC 00 0900 l . l 3 7 2 . 797 
1. 141 2 . 592 

F-;..13 L-o-o-- -i-200 r:-1-ff9 __ _ r .TdT --- -
0 . 952 1 . 532 

F -BC 00 ]200 l • 0 8't 3.022 ·-- ·-·- f.O l 1----·-- 1~-936 
Iv I 1--' 

F -BL 00 1500 1 . 131 1 . 940 rv 
0 ---9--9 (> l . --9 ~2 

I F -BC 00 1500 1.036 1 . 901 
1 . 0 1t 7 2.003 

F·- - ·st··--- 0 0 i-soo 1 . 300 ------··- ?..742 --· 

1 . 172 2 . 5 8 7 

F -BC · 00 1800 l. ?'17 1.344 
1-:75 .. . • 291 

F -BL 00 2100 1.040 3 . 261 
.t . __ l G.5 :3_._J _4_8 

F -BC 00 2100 1 . 006 0 . 839 
1.351 o. 757 

F -t3L 00 2400 I. 110 z. ms 
1.215 2 . 796 

F -BC 00 2400 1. 61 ?. 0 . 551 ·-· o-. -978 -o~-60'+ 

-- -· .. ___ .. ________ ---------- -----·--·-·-------___ ,,____ . 



) ---

DAY DEPTH TIME CHLn ROPH YLL A PHCTOSYNTHETIC 
CONCENTRATION POTENTIAL 

( MG /CU. Ml ( MG/CU .M/HR) 

F - BL 00 0300 1 . 134 2.660 
1 • 12 9 2 ..•... 8 .. 6 .. 5 

F - BC 00 0300 0.Q65 0.120 
0 .913 0 . 823 

t= -3L 00 0600 1.? 115 1.269 
1. 211 1 . 560 

F~ - HC ...... 0 O 0.6..0Q o. .•... 8 73 0 •. 600 
1. 008 0 . 646 

"' G -BL 00 0900 1.215 1.238 I-' 
uJ 

1 . 043 l.. 103 

G -BC 00 0900 ·o. B36 0.643 
0.8 6 7 0.726 



i 

DAY DEPTH TIME CHLOROPHYLL A PHOTOSYNTHETIC 
CO NCF.NTRATION POTENTIAL 

(MG/CU . Ml (MG/CU.M/HR) 
I 

I I 

~ 
H -CL 00 0900 ().<J37 2.566 r o _._()_8 8 2.. •.. 32.3 

H -CC 00 0900 0 . 8"+5 1.581 
0.83R 2.295 

I H -CL 00 1200 1.056 2 . 387 
C.7 59 2.228 

I H -cc _____ 0_0 t 2QQ n.R()2 1_. _:,_3 7 
o-. ·869 1.481 

1\) 

1500 ' f.801 
I-' 

H -CL 00 0.804 + 
' - O.J-30 - 869 .. 

H -CC 00 1500 0.897 ' 1 . 2 92 
0 . 906 1 . 135 

H -CL- 00 flfbo 0.747 1 .8 51 
1.000 1.457 

H -CC 00 1800 0 . Rn':\ 1.347 
0.862 1 • 319 

H -CL 00 2100 0 . 8?.9 0.7()6 o_._-, __ ~o D. .•. f:>_8__4 

H -CC 00 2100 0 . 1148 0.364 
O.CJlR 0."tl6 

A -CL 00 2400 0 . 69H 1.355 
0.692 . l. 209 

H - C. C __ Q_Q__ ___ __ 2. 4_Q_ o 0.90?, o_. __ 9_4_, o.·g·es 1.027 

I 



DAY DEPTH TIME CHLOROPHYLL A PHOTOSYNTHETIC 
CONCENTRATION POTENTIAL 

(MG/CU.M) (MG/CU.M/HR) 

H -CL 00 0300 0.678 l. l 85 "-

··- ··--····--·-·-·-··-" O .•.... I0J 1._L43. 

1-1 -cc 00 0300 0.975 1 • 0't5 
0.871 0. 9 57 

H -CL 00 0600 0.831. 1.509 
0.78q l .488 

H ·----C C ··-- OQ 0.600. o .•.. 9.34 L •.. ..8 .60 
0.965 1.111 

tv 
I-' 
tn 

- --- - -- - - -- ·- - - < -- ~--· --- ., • 
... - ~ 



216 

(pages 21 -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 Bas Day F and G, and 
Experiment C as Day H. 



-----··· -- ---- ----------· -- --- ------ ----··---··--·--· - --·· - - ·- ·· ·--·----··-·-----·----- ----·----•-·---•·---- -· ·-• ·- ------- ---·- - --

OAv-- □ EPTH- T I Me·------------- -----ASSIMILATION RAT r □~-----

o--o-ircro 

( PHUTOSYNTHET l C POTENTIAL/CHL .. Al 
(MG.CARBON/HR/MG.CHL Al 

u.BTZ ~ o-;-97t s 1 • a 

MEAN VALUE 1~293 
·--- -- ··· ------ -- - --- ·-- ----- A -~ -- N -·- oo ·------0900 ·--- · ···· ······- --,_-~-z 9 s ·- ·--1 ~ 4·50 ·· ·· 1. 1 s 1 ·"-··· 1·~ z 89 -·--------·-----------

MEAN VALUE 

li - 0-0 rrou 
MEAN VALUE 

,:.TI7io 

l.296 

r.-5""'+5 

2.276 

T.l)Tl L.5"0T 

" A•-.;.- N-□ o-- ·uoo ···--- ·- - -:,_-;;·740---1:42 1 - - i -■-9SO ___ T~·592 -------··· ---- --- -- -

u ITO 

ME 1'1N VALUE 

7>-0 

l .67 6 

o.664 

MEAN VALUE 0.677 

o.l)" o.o9o 

-------A--- - w -- oo ·--·-- 1300 · ·- · o-.an·-r : 301 · c. 849 __ ___ 1".263 ______ _ 

MEAN VALUE L.074 

Ti - 0-0 ITOU 7r.«ITI r;-nr3---u~zr---o.9· 
MEAN VALUE 0.938 

A- ~ -- N-- 00--- 1500 -- -- o;694- o.o · 0 : 603---0~0 

MEAN VALUE 

0~ 7T;-9o-S 

0.688 

r.rrou 
MEAN VALUE l.010 

r.-oT9 r.-o 

1'.) ..... 
-.J 

------ ----· . --

, A- - N-- oo-- 1100 ---- o -~966-·--1.on o ■- aza- o.924 ----------··- - -
MEAN VALUE o ·.9'► 9 

- r--o-o- 1900 -r;-Q 1► 7 . t.032 I. 037 r.-on 
MEAN VALUE 1~035 

A- -- N--00---1900 - - ·· -- ·- --- - - :t-;; oaa - -r.090 ·· · 1-. 09a - r ;-1or---- --·----- ------ - - -- -

MEAN VALUE 1.094 

,., 



- -- --- - ·-- - ·-------- --- ---------------·-·----- -------------------- -----------------

---------•-------- ------ - OAv-·-·oe PTW,IME ------- ASST MI LAT ION RAT IO,;;_----
( >HOTOSYNTHETIC POTENTIAL/CHL . A) . 

(MG.CARBON/HR/MG.CHL A) 

A - f 00 2100 -~0-05 1.151 1.016 I. 1 

MEAN VALUE 1.084 
A·;.:.;- -N-- oc·- -·- -- 2100 · ··-··· --··· - -· o.:sn ·--o:s3s · o.912-·-- 0·~92s 

A - t 00 2"3UU 

MEAN VALUE 
-r.-'io7 

0.902 

r.rro 
MEAN VALUE 1.330 

r.,;gz r;n-u--

----- A0· --·· N- -oo·--- 2300 -- · ··-1~ 223---r:sn · - 1:24·2·---1;:s42 

A - T 00 OTO 

MEAN VALUE 

r.T!f5 

1.381 

r:7i't4 

MEAN VALUE 1.657 

r.13-g-o r;-570 

--------·---· 
..., 
r-' 
(X) 

--- A--~- N--- 00 -- .-·· 0100 - . -- 1·:-402---1.406 - - 1·~5z2 - T~· 527 ··-------···- ··-·. 

Ti - U-0 o-JUO. 
MEAN VALUE 

r.un 
l.464 

T-01,3 

MEAN VALUE 1.761 

~~ 1.495 

-A- ---N--oo--·0300 ·---- ----·2;;312-·-· 2:101 · 2.-06rr--1-.s31--

MEAN VALUE 

crs-cro 
MEAN VALUE 

2.093 

t.928 · 1.68'/ 

1. 83 6 

r.-9137 r.-77tI 

A--- - N--oo -·-- osoo · · -- -- r.336---- r~s21 - 1:4os- 1·.603 - ·----- ----·-- --

MEAN VALUE 1.467 
---------------=-,_..--n-t",__ _ _,,_,,.,.0...,..0..----- · T.TT5 2. 29 r z. s 89 2. s 

MEAN VALUE 
-------- - - - · ------·----- "' - .;. w ·- oo - ---·0100 

MEAN VALUE 

2.441 
-- 1:·s44 -- -2. o 11 · - r. s49--2~ 023 - - - - ·--- ---- - -·- ---· ------

1.93 3 

., 



. ' - - ---·· -·--• - . -•------•-.. --··---·-- -----·---·-- ·---·-·--·------ ------------·------ --·-------- ·-·---

- ----·-oA y -·· oE p TH ___ T !ME -- ---

8 -BT 00 0-9·0-o 

-- ------ ASS TM HAT ION RA TI □.;.--·- - . 
(P ➔ C i TOSYNTHET IC POTENTIAL/CHL A) 

(MG.CARBDN/HR/MG.CHL Al 

~·- 235 2.6 4 6 3.Tr~. 

MEAN VALUE 2.888 
s --aN -··oo ·- --- -0900 - --- ·- -- - -- ----· ; ,.131-·---3·.581 ·· 2.-937 · ---3~359 -------------- ----- ---

i--=s-.-uu 
MEAN VALUE 3.252 

l T tY-0" ~;--;rn-
MEAN VALUE 

J""".~ ~~-n 
3.333 

r.562 

----~--s ·:. BN -- o 0----- 11 o o --- -- :, .22s·--- 3·: 121· - 3.· os r -·2~·9as ·--··- ·;;- -- ---- -- -

MEAN VALUE 3. l 05 

8 -BT 0--U n-o· -z, :-:-0-lf!J ~ i♦.1)-g-g ~ 

MEAN VALUE 4.070 

a ·--=-aN·---oo --- 1300 · ·--- ·- ·--- ~.~,59·· --- 3~266 · · · 3: a3s--· 3~·334 

MEAN VALUE 3. 5.!t_9. 

8 -Br 00 r5UU -;~ T.1>62 z-;n-g T.olf5 

MEAN VALUE 2.695 

0·-.;;. sN·- oo ---1soo ---------- ··--· · :; ,; 3sr·-_ - 2~102 ··- 3·~·s6s --·2 ; a11 

B -Bl . oa ITUO 

MEAN VALUE 

,:.BoU 

3.124 

T.'"973 r.""1o5 

MEAN VALUE 3.347 . 
r.-870 

..... 
<D 

---- · a - .;_sN·-- 00-----1700 ··· ···· ·· · · ··· · - · :i~·25z-----3~412 · · 3 ~· 591··---3 ~·168 ----· - - ---------- --- ·· ··--

MEAN VALUE 3.505 

-ar-oo 1900 ·,;;i·21 1;-1ro1 2.313 . 1.a 76 

MEAN VALUE 2.053 
a-·-- sN -- o o ---------1900 -- · ···· ------- -- --- T . 09a ·----z -~ 184 - 2 ;179- --· 2; 269 - -· ·-- ------------· ------ --

MEAN VALUE 2.183 



·-·oAv -·--·o E p T H---T I ME. ·----·-- -----·Assr MI LAT ION . RA TI a~·-··---· ··--:---· ····•····------·----·--

B -BT 00 nu 

--a··;. aN -·-o o-··---· 21 oo 

B -Bf 00 230"0 

·a ··;.sN -· oo·---·-··2300 

-BT 00 UTITTJ 

a-- ·-aN ·- oo ··--· ··o 1 oo 

B -Bl 00 umo 

( Pl iOTOSYNlHET IC POTENTIAL/CHL A) . 
(MG.CARBON/HR/MG.CHL A) . 

'"1-;T4T r.T47i r.D"'9 LeT7iZ 

MEAN VALUE l. 141 
··- --- ·1 ;·3 O 4··-- T; 2 l O - ... 1 ■- 2 2 4 - -···r; l 3 5 

MEAN VALUE 

-i':"5n 
MEAN VALUE 

1.218 

r.753 

l. 598 

~ r.oos 

········ ··- ·-2 ;239 ····-1;sss ····· 2.- 2s2·----r;597 

MEAN VALUE 

"2:-3"01> 

MEAN VALUE 

l.919 

r.o52 r.-9"9'7 

2-317 . 

2.305 

··-··· · -··- 2; 111· ---· 2 ~·2 39 - · 2;034 ---··2; o<n -
MEAN VALUE 2 .135 

-Z~3 r.-50-U r.oID" z. 
MEAN VALUE 2.592 

s ·-.;.sN -- - oo·-- 0300 - ·· · · ·····--- ·-- ·s .090 ·- -··6·;·16s · ·· 2~ 000 ·--2; 423 

MEAN VALUE 3.920 . 

r=nr-uo-·-:7)500 "3-;-(iq, r.-.,t;-6 ~72 2.584 

MEAN VALUE 3~175 

t',) 
t',) 

0 

- ------ .. ··--------~· ----·---

a··;.;.aN --· 0 o·-·-- osoo - ........ ·····. .. - -· ·2 ■-sa2 ·---····4 ;·7 51 ......... 2·~1i49 -c-4 ; 507 ·--·····--·--···--------- ··-

MEAN VALUE 3.572 

OU 0700 --3-;-iuo r.z.37 T."U-S-S r.-J"I2 . 

MEAN VALUE 3.258 
···---·-- -· - -·· a ·.;.aw·- oo ·-- -·-· 0100 ··· · ·- - ·- ' '.. ·----4~ 129·-·--·-2 ;ao9 ··· - 4; 547•-·- 3; 094-- -· ----·------·-------·----- · · ·· · 

MEAN VALUE 3.645 

., 



- - ------·· --·---·---- -••·------•--·--------- ----··------- ---· ----- -- - . --·-·-· --·---------

- -- ...... -· --------------- ·----·-----oA ·-r-- o EP l H--TI ME ---·-·-----·-·-···-···-· Ass I M I L AT ION RA TI o-·-- ·-

- S--0-0---0"900 

(PHOTOSY NTHET I C POTE NTIAL/CHL A) 
( MG.CAR BON/HR/MG.CHL A) 

-~~9- ~0-.z-~-;7:,a~ ■ 

MEAN VAll E 2 .530 
c -.;;- 0 -··· 30 ---·-0900 - ·······-···· ·-· o-;; 86 r ----· o ~909 · · o. <J4o ---o. 986. ··-----··--- ·-----

MEAN VAllE 0.925 

·o 1100 - -z~ r.-5"TIJ :z-;z-o-z 2. 

MEAN VAll E 2.387 

c ··::.:-· o --·30-- llOO .... ---- .. ··--1'~ 85 o ·--- T~ 790 ·- 1 ~--834 - .- i ; 774·-

MEAN VALl 'E 1.812 

~ - S--0-U ITO 2 .53 7 r.n-2 r.T9"5 r.-3"5 

ME.AN VAlllE 2.452 

c---.:.-··o -·30----·-1300 ·· ··--· ·-· ···· ·-o-~ 88 o-·0·~910 1~·031·-·-1 ;;-·136 

MEAN VAL UE 

C - S 00 ITOU 

MEAN VAlllE 

r.8?5 
1.004 

r.n-s 
1.601 

T.Uo3 !.3TO. 

I'-.) 
I'-.) 

1--' 

c- -;.;; .. · o----30---.. -.. 1soo ·· · ........... ·-.. - o; sso--·o .. ; a19 .... o. 8or--o : ,18 -·--.... -- -·-- -------.. ·--

MEA N VAl ll E 
-------------..- - S O O 1.700 - -----r;-g-55 

0.813 

r.1575 

MEAN VAL UE 1.617 

r.-57tZ r.31r6 

c-...;- o--·30--- noo -·-·- - ·· ... .. - 1 -;; 30 r · ·-·-r.014 ··· ·-1-; ·262·- -r ~-042 

ME AN VAL UE 1.170 
--------------=-~-.,.,...,.,c---...... ,,9,.,.,o""oc------,-;-901 o. n 9 a. '99 r .-~1-. -0~2-2·------------

MEAN VALI IE 0.961 
-·--- c ·;;;· .. o·-.. 30 -~ .. - ... -.1900 ........ -....... - · .. .. ·--o·~·a2s .. - - •o-;192 .. ·· o~ a60--·o ; a26 ·--.. --........ _ .. _ .. _______ .. __ . _ 

MEAN VAlllE 0.826 

., 



-·· -•·---·- -- - ·· ·· - ··---·-----·----·---·- ------- ·--- ------- ----· -- ----·-·•-·- ----••"•----- - ---

--------------------------------------------

·- ··- - DAY--- OEPTW ___ TI ME - -------------- --------ASSIMILATIO N RATI 0-
( P~O TOSYNTHET IC POTE NTIAL/CHL A) 

( MG.CARBON/HR/MG.CHL A) 

C - S O O 210 7.~-Z 1 l • 12 6 1 • 2 l 9 . 1 • 2 2 4 : 

MEAN Vt.LUE l.172 

--·- c · -;.;.--0 ·· --·30 --- --- 21 oo - ·· -- -· - - --- ·1 ~-14z---'-- r~ 116 ·-- - -1 : ·202 -·-:---T : ns 

MEAN VALUE 1.159 

t. - S 00 . Z3UO r.-z39· 1.232 ' 1.14 8 r.-I7R' 

MEA N VALUE l.190 

c --;;.--- 0 --- 30-----2300 ·· -- ---- - --- -o; 969--- 1-~-040 -- --r: cos-- T; 019-

MEAN VALUE 1.023 

C - S 00 0100 7 . • 469 1.3 86 l.308 1.234 

MEAN VALUE l.349 

N 
N 
N 

------- c -;;;; -- o -- ·, 30-------· 0100 -- - -------- N □--DATA OBT AINEo · oue--ro -3o ·Fr- sEAS ------------

C - S 00 0300 l. 914 l. 793 1.762 1.650 

MEAN VALUE 1.780 

____ _ __________ <: ___ =_ 0 ___ 3_0 _____ 0300 ·----------- __ NO _DA.TA OBTAINED DUE _:r:_0 _30 __ F1._:_ SE_AS --- -·----·- -

C - S 00 0500 t.937 1.962 1.785 1.808 

FAN VALUE I.8 

C - 0 30 0500 NO DATA OBTAINED DUE TO 30 FT SEAS 
___ .,_.,, ___ ....... , ____ -·- - ·- . ··• .... _..... . ... ·•··· --·· ... ""'" ....... HH •-•-H-••• .. H>H-• HO •-••- - • ••--- • oH H 

C - S 00 0100 ~:. 837 2.884 2.669 2. 714 

MEAN VALUE 2.776 

C - 0 30 . 9100 NO DATA OBTAINED DUE TO 30 FT ,SEAS 

---- -- •·- • ·-• -·- -· •--- --- -------------·-··- -· -· ------- --------•-h-••---.. -----••---•••---•----•---•-•-••--•-•-••-------- •••• •---H-· •--• • HH • 

- - - -·------------- -· 

,., 



-------------- ---------

UAY-·- -oe PTH - TI M ------------ ASSTMILATION RATI □.;;; ------- ------
{ P--iOTOSYNTHET IC POTENTIAL/CHL A) , 

(MG.CARBON/HR/MG.CHL A) 

D -BS 00 . o-90· ; ~ 

MEAN VALUE 

r.1f57 

3.817 

~ :r.-B3o 

~ao·--30·--- 0900 ------------ ----· :!·;·762-·-3;;2sa - · 2;302 - --2;;116 

McAN VALUE 2.759 
o - as 01,---·nuu -:~ ~4 2.614 4.006 

MEAN VALUE 3.458 
o ----ao-·-·3O-··---11OO - · · ----- · ·-- -T;;·1a1--·-2·;029 · 1·;;57O ···-.-- - r. 783 

~ nuu 
MEAN VALUE 

-:r.-913"9 

1. 792 

·4--;zir2 

MEAN VALUE 4.113 

T.""~"5 4.235 

o --:; so- -·3O---13OO · -- --- ··----- ----1';9sz·---·2:410 ·2;·oe2--2:·636 

0 -BS 00 r5UO 

MEAN VALUE 

.~ 
2.285 

T."97t-4" 

MEAN VALUE 2.768 

Z:-570 3.1 79 

o ··;.;;ao·--3O ·---- 15OO · ·· ·---· ···· ·--·---r;·a9 6-·-1 ·. 569 ··· 1;121- r;424-

MEf,N VALUE 
-------------rr---~s---oo no 

l .652 

MEAN VALUE 2.773 

~ z-;--775 

l'v 
l'v 
w 

--------- ----------- --- -

----- ff--ao -· 30 --·-·1100 -- ----- -- -·-1;;·694·•--1.11.r · 1;;112--·-1;735·--------

MEAN VALUE l .715 

)0 190- 2-;-ti"Wt r.-zt+Z 

MEAN VALUE 
-- - --- - -- --- ----- 0 ---00 --·3 C --- ·-:1900 -- - -- -- - ·- 1 ~-252 ··--· -1;419·· -- T~ 308 ---·-· f;432 ·· ---------- ------- --- ________ , ___ -~------
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