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ABSTRACT: The study is based on data (n = 244) from light-saturation experiments uti- 
lizing artificial incubation under fluorescent light. Values of maximum photosynthetic rate, 
Pmax, and the light intensity at which it takes place,/max, are estimated by non-linear re- 
gression using stepwise Gauss-Newton iterations. Estimated values of Pmax ranged from 0.85 
to 5.48 mg C (mg Chl a- h)-l;/max varied from 2.35 to 5.52 cal (cm ~ �9 h) -1. The effects of time 
(months) and depth (illumination levels) and their interaction are evaluated by analysis of 
covariance using a linear model. A significant time-depth interaction is noted: The maximum 
specific primary productivity occurred in the surface layers during Mar&, at the 50 ~ light 
level during April, and at 1% level during May. Estimates of Pmax from simulated in situ 
primary productivity experiments for the same period are lower than those from light-satu- 
ration experiments. A comparison of data from light-saturation and simulated in situ ex- 
periments indicated that effects of duration of experiments and the quality of available light 
may affect primary productivity data considerably. 

I N T R O D U C T I O N  

Since Lindeman (1942) generated a model to describe energy flow between various 
trophic levels, numerous attempts to formulate mathematical models of plankton 
dynamics have been made. These models have served a useful purpose in attempting 
to quantify the relatively complex biological phenomena and interactions. In some 
recent studies, ecosystem modeling has been used as an effective tool for analysis and 
interpretation of entire ecosystems, such as for the tropical waters (Vinogradov et al., 
1972), or for understanding its components, such as nutrient dynamics (Walsh 
& Dugdale, 1972), or for resource management purposes, such as in the North  Sea 
(Nihoul, 1975). A severe limitation of simulation studies of plankton dynamics has 
been the reliability and applicability of some or several of the model coefficients and 
parameters. The coefficient representing the phytoplankton growth rate, the central 
process in pelagic ecosystem studies, may be considered as an example. In this paper, 
an attempt is made to describe the relationship of light and specific photosynthetic 
rate of oceanic phytoplankton and to assess its variability. 

The effect of light on photosynthesis has been studied by various authors, notably 
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by Steele (1962), Vollenweider (1965), Bannister (1974) and, more recently, Jassby 
& Platt (1976). These authors have attempted to observe general patterns in light- 
photosynthesis relationships; the results are presented as simplified mathematical 
equations. Due to its simplicity, Steele's (1962) equation has been used in several 
studies on the dynamics of phytoplankton in natural waters (e.g., Taguchi, 1972; 
Winter et al., 1975). 

The results presented herein are based on a large number of data from photo- 
synthesis-light experiments conducted in oceanic waters off the Washington-Oregon 
coast, USA, in spring I963. These data provided a broad basis for analyses by statistical 
methods to obtain estimates of values of the parameters which provide an adequate 
fit between an equation and experimental data, and also have physiologically 
meaningful interpretations. 

MATERIAL AND METHODS 

Primary productivity experiments were carried out as a part of a large research 
programme to provide a description and achieve an understanding of the biological 
populations and processes in oceanic waters of the northeast Pacific Ocean (Fig. 1). 
A comprehensive sampling programme to obtain the physical and biological data 

Fig. 1: Research area in the northeast Pacific Ocean 
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from various locations in this region was initiated in January 1961 and completed 
in December 1963. In the year 1963, especially during spring, sampling frequency for 
biological measurements was most extensive. A detailed description of the physical 
features of the study area are given by Hameedi (1974). A major factor influencing 
the seawater salinity and vertical stability in the upper 40 m of the water column is 
the freshwater input from the Columbia River at an average of 7,300 m3-/sec 
(Barnes et al., 1972). Low salinity water associated with this effluent is identified in 
the form of a plume in the oceanic regime. A salinity value of 32.5 parts per thousand 
is used to delineate the plume from the ambient seawater. The nature and extent of 
variability of various environmental factors, such as temperature, salinity, inorganic 
plant nutrients, both in the plume and the ambient seawater, are discussed by Hameedi 
(1976). 

P r i m a r y  p r o d u c t i v i t y  

Water samples were collected with modified Van Dorn PVC (polyvinylchloride) 
samplers, with a 6-liter capacity, at depths corresponding to 100, 50, 10, and 1 % of 
the surface illumination. These depths were determined from the computed extinction 
coefficient from Secchi disc readings. Two types of experiments, light-saturation meas- 
urements and simulated in situ measurements of primary productivity were cond~fcted. 

Light-saturation experiments 

At each primary productivity station, occupied before noon, samples from one 
of the sampling depths were incubated at different light intensities to determine light- 
saturated rates of photosynthesis by the phytoplankton community. Samples in six 
light and two dark bottles were inoculated with i4C (approximately 2.5 microcuries) 
and then incubated for at least two hours in a constant illumination (about 22 klux) 
incubator. Illumination was provided by a bank of high-output, cool, white fluorescent 
lamps. Different levels of illumination were obtained by covering experimental bottles 
with neutral filters of appropriate densities. Light intensity in the incubator was 
measured with a Weston sunlight illumination meter, and light energy by a Kahlsico 
Star pyranometer. The four routine sampling depths were rotated so that each depth 
was selected for light-saturation experiments. 

Simulated in situ experiments 

Samples were prepared as in the light-saturation experiments, but were incu- 
bated from local apparent noon to sunset in a topside deck incubator exposed to sun- 
light. Kodak-Wratten neutral density filters were used to simulate the light levels at 
50, 10, and 1 ~ of the surface illumination. Measurements of incident solar radia- 
tion were made continuously with a Kipp and Zonen Solarimeter equipped with a 
Speedomax circular chart recorder. 
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Aider incubation, each sample was filtered through a HA Millipore filter (pore 
size, 0.45/~m) and then was stored in the dark in a desiccator. 

In the laboratory ashore, filters with 14C tagged phytoplankton were fumed with 
concentrated hydrochloric acid for 10 to 15 min to remove traces of inorganic '4C. 
Radioactivity of the filters was measured with a Nuclear-Chicago Model D-47 gas 
flow counter. At least 1280 counts were obtained for each sample. Data were processed 
by a computer and corrections were made for background, dark bottle uptake, varia- 
tion in inorganic carbon content of seawater, coincidence, and isotope effect. Primary 
productivity values were based on ampoule standardization utilizing the barium car- 
bonate technique. This technique has been reported to yield low rates of photosynthesis 
(Steemann Nielsen, 1965); however, no corrections have been made for this effect in 
the data presented here. 

C h l o r o p h y l l  a 

A portion (2-3 1) of the same water sample obtained for primary productivity 
measurements was filtered through a HA Millipore filter (pore size, 0.45 #m) with 
the addition of magnesium carbonate powder. Unused edges of the filters were removed 
and the filters were stored in a desiccator. In the shore laboratory each filter was 
ground with a plastic tissue grinder and the chlorophyll as extracted in 90 0/0 acetone. 
The extract was centrifuged and then the supernatant analyzed for plant pigments. 

Concentration of chlorophyll a was determined by the spectrophotometric method 
of Richards with Thompson (1952) as modified by Creitz & Richards (1955). As this 
procedure gave considerable higher estimates of chlorophyll a than the method recom- 
mended (Banse & Anderson, 1967), all chlorophyll a data was revised utilizing Unesco 
equations (Unesco, 1966). Estimates of chlorophyll were not corrected for phaeopig- 
ments. 

DATA AND STATISTICAL ANALYSES 

Photosynthesis data from experiments described in this paper are presented as 
specific photosynthetic rate, mg C (rag Chl a �9 h - 1 ,  and light intensity as cal 
(cm 2 �9 h) -1. A detailed listing of these data were given by Hameedi (1974). Pre- 
liminary examination of photosynthesis-light curves for individual experiments show- 
ed a consistent, but not always a large, reduction in photosynthetic rate at high light 
intensities. Steele's (1962) equation, due to its simplicity and apparent applicability 
to data, was used to estimate values of parameters describing the relationship between 
incident light and photosynthesis in the northeast Pacific Ocean. According to this 
equation, the relationship between light intensity, I, and rate of photosynthesis, P, is 
expressed as follows: 

P = Pmax I/Im~;~ e (1-111max) (1) 

The parameters, P~a~. and Imax, represent the maximum photosynthesis rate and the 
optimal light intensity for the maximum photosynthetic rate, respectively. 
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Values of the two parameters were estimated by non-linear regression using step- 
wise Gauss-Newton iterations. According to this method, if incident radiation, I, is 
the input variable and Y denotes primary productivity, and 

Y = f (1; Pmax and/max) + e 

then the sum of squares of differences between the observed and computed values, 
(Y-f)e is minimized as a function of the parameters (Hartley, 1961). All computa- 

tions were made by using BMD-X85 program of the Health Sciences Computing 
Facility, University of California, Los Angeles (Dixon, 1970). 

The effect of time (months), depths (illumination levels), and timedepth inter- 
action were analyzed by analysis of covariance using a general linear model. Linear 
transformation of Equation 1 results in the following form 

, Pma.~ I 
In P = in ~ + in I + 1 /max (2) 

Denoting In P as Y; In (Pmax/Imax) + 1 as a; - -  1/Im~ as 7; in I as X1; and I as X~ 
the following familiar model is obtained 

Y = a + Xt ~+ ),X~ 

It should be noted that the value of the regression coefficient for Xl,,8, is unity. 
According to the covariance model, Y has normal distribution with a mean equal to 
a + X1 + 7X2, and unknown variance. Thus for the kth observation we have the 
following 

Yk = a + X ik  + 7 Xek -1- ek (3) 

where ek is the error term and is normally distributed (O, oe). 
The effect of time, depth, and time-depth interaction was then included in the 

model, equation 4, by adding appropriate parameters. 

Yii,~ = Ti + Di + (TD)ij + a + Xl~k + 7 X2iik + eiik (4) 

In this model, observation Y is now classified according to time (i = 1, 2, 3), and 
depths (j = 1, 2, 3, 4). Computations were made by the BMD-X64 computer pro- 
gramme of the Health Sciences Computing Facility, University of California, Los 
Angeles (Dixon, 1970). The following null hypotheses were tested: 

HI: TDij = 0, and fl = 1 
Ha: TDij = O, Ti = 0, a n d f l =  1 
Ha: TDii = O, D i = O, and fl = 1 
H4: ~ = l  

Due to the lack of sufficient observations, the effect of locations (Columbia River 
plume and ambient seawater) was not included in the model. 

RESULTS 

The estimated values of the parameters of Equation 1, Pmax and lma~, from 
light-saturation experiments are presented in Table 1. It will be noted that there was 
considerable variability in the values of both parameters. In general, Pm~x values 
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Table 1 

Estimated values and standard deviations for Pmax, mg C (rag Chl a �9 h) -1, and /max, cal 
(cm e" h) -x, from light-saturation experiments. Sampling depths (percent of surface illumination) 

and number of observations (in parentheses) are also given 

Months Plume Ambient 
Pmax Im~x (n) Pmax /max (n) 

March 
100 % 4.46 + 1.49 6.15 + 4.31 (12) 1.68 + 0.25 3.60 + 1.52 (6) 
50 % 2.63 + 0.27 4.23 + 0.98 (9) 2.48 + 0.23 5.31 + 1.18 (12) 
10 % 1.91 + 0.48 4.20 + 2.75 (12) 1.88 _+ 0.11 3.12 + 0.49 (6) 

1 %  2.42 + 0.13 3.98 + 0.58 (16) 1.46 _+ 0.18 3.36 + 1A9 (10) 
April 

100 % 2.39 + 0.17 6.14 + 0.88 (lo ~ 1.17 _ 0.15 3.30 + 1.05 (12) 
50 % 1.91 + 0.09 5.54 + 0.59 (6) 2.03 _+ 0.18 6.27 + 1.14 (18) 
10 % 2.08 + 0.06 3.44 + 0.23 (6) 1.48 + 0.15 5.00 + 1.17 (12) 

1 %  0.85 + 0.11 2.35 + 0.59 (18) 1.16 _+ 0.05 3.45 + 0.33 (12) 
May 

100 % 1.99 + 0.43 6.61 + 2.88 (12) 5.48 _+ 3.13 15.52 + 11.53 (12) 
50 ~ 1.83 + 0.21 6.49 + 1.43 (12) * * 
10 ~ * * 2.43 • 0.60 2.51 + 1.35 (17) 

1 ~ * * 2.90 _+ 0.66 8.87 + 3.22 (6) 

�9 No observations 

Table 2 

Estimated values and standard deviations for Pmax, mg C (mg Chl a �9 h) -1, and /max, cal 
(cm 2 �9 h) -i, from light-saturation experiments. (The effect of illumination levels is not con- 

sidered) 

Months Pmax /max 

March 
Plume 2.63 + 0.24 4.15 + 0.96 
Ambient 1.88 + 0.11 3.94 + 0.68 

April 
Plume 1.65 + 0.15 4.52 + 1.00 
Ambient 1.48 + 0.09 4.65 + 0.64 

May 
Plume 1.93 + 0.24 6.66 + 1.66 
Ambient 2.47 + 0.42 4.03 + 1.66 

were  lower  than  values repor ted  in the l i terature.  M a x i m u m  produc t ion  rates were  

noted  for  the surface layer  in the p lume dur ing March, and in ambient  seawater  during 
May.  Dur ing  March, m a x i m u m  produc t ion  rates were  general ly  higher  in the plume, 

but  the difference be tween the p lume and ambient  seawater  was small during Apri l .  

A similar  comparison for  M a y  values is l imited due to the lack of  observat ions in 

some categories. H o w e v e r ,  if  the depth  effect is not  considered (Table 2), the average 
max ima l  p roduc t ion  rate  was higher  in ambient  seawater  than in the p lume in May.  

The  significance of  this difference is reduced by  re la t ive ly  large s tandard  deviat ions 
for  the estimates. 

Effects of  months  and i l luminat ion  levels were tested by the analysis of  covar iance  
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Table 3 

Analysis of covariance table for primary productivity data from light-saturation experiments. 
(See text for details) 

Source Sum of Degrees of Mean Variance 
squares freedom square ratio, i v 

Time (months) 3.28 2 1.64 
Depths (illumination levels) 0.59 3 0.20 
Time X depth 2.60 6 0.43 

interaction 
hypothesis 1 231.64 7 33.09 
hypothesis 2 235.77 9 26.20 
hypothesis 3 233.50 10 23.35 
hypothesis 4 228.04 1 228.04 

Covariances 122.92 2 61.46 
Coy. 1 (ln I) 80.80 1 80.80 
Coy. 2 (I) 30.75 1 30.75 
Error 132.07 230 0.57 

** Denotes significance at 1 ~ level 

107.03;:* 
140.71"* 

53.55** 

(Tab le  3). Bo th  covar ia tes ,  I n  I a n d  I, were  f o u n d  to be h igh ly  significant .  The  res idual  

m e a n  square  of  e r ror  to  test  hypo thes i s  1 ( No  t ime  • d e p t h  in te rac t ion ,  a n d / 3  = 1 )  

was  ca lcu la ted  b y  a d d i n g  the  sum of  squares  for  e r ror  t e r m  a n d  for  hypothes i s  4 

(/3 = 1), a n d  then  d iv id ing  the  sum b y  the  c o m b i n e d  degress of  f reedom.  V a r i a n c e  

rat io ,  F, to  test  hypothes i s  1, 

33.09 
H i :  F - -  - -  21.21"* 

1.56 

Table 4 

Estimated values and standard deviations for Pmax, mg C (mg Chl a �9 h) -1, and /max, cal 
(cm e �9 h) -1, from light-saturation experiments. (The effect of location - plume, ambient sea- 

water - is not considered) 

Months Pmax /max 

March 
100 ~ 3.48 + 1.08 5.76 + 3.93 

50 ~ 2.49 + 0.16 4.60 + 0.73 
10 ~ 1.90 + 0.29 3.86 + 1.59 

1 ~ 2.05 + 0.15 4.03 + 0.84 
April 

100 ~ 1.82 + 0.18 4.84 + 1.13 
50 ~ 2.00 + 0.13 6.10 + 0.82 
10 ~ 1.65 + 0.14 4.20 + 0.90 

1 ~ 0.96 + 0.07 2.83 =+ 0.48 
May 

100 ~ 2.75 + 0.60 7.70 + 3.03 
50 ~ 1.83 + 0.21 6.51 + 1.43 
10 ~ 2.43 + 0.60 2.52 + 1.36 

1 ~ 2.90 + 0.66 8.87 + 3.22 
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shows a highly significant interaction: critical value of F at 1 ~ level is 2.72 (7,23t 
degrees of freedom). Because of the significance of this interaction, variance ratios for 
main effects of months and depths were not calculated. The time x depth interaction 
is also quite obvious from Table 4 in which location effect is not considered. According 
to the table, maximum average production rates occurred in the surface layers during 
March, at the 50 ~ illumination level during April, and at 1 ~ illumination level 
during May. 

Estimated values of Pm~x and Im~x from simulated in situ experiments are 
presented on an hourly basis (Table 5) using average number of hours of daylight 

Table 5 

Estimated values and standard deviations for Pmax, mg C (rag Chl a �9 h) -x, and /max, cal 
(cm 2 �9 h) -x, from simulated in situ experiments 

Months Pmax /max 

March 
Plume 1.43 + 0.19 7.85 + 2.55 
Ambient 1.32 + 0.11 6.66 + 1.11 

April 
Plume 1.10 + 0.10 10.78 + 2.29 
Ambient 1.10 + 0.09 11.15 + 2.06 

May 
Plume 1.08 + 0.12 19.45 + 5.08 
Ambient 0.81 + 0.11 17.05 + 6.23 

(Nautical Almanac 1963) to compare them with values for March, April, and May 
from light-saturation experiments (Table 2). Pm~x values from simulated in situ ex- 
periments were considerably lower than from light-saturation experiments. A slightly 
higher production rate was noted in the plume during March and May; in April values 
for the plume and ambient seawater were similar. 

Estimated values of Ima_~ from simulated in situ experiments were generally 
higher than those from light-saturation experiments, especially for April and May. 
/max values for May have large standard deviations, probably because of the small 
number of observations. When the location effect was not considered for the data from 
May, the revised values of Im~x from simulated in situ experiments were found to 
be 16.06 + 3.17 cal (cm ~ . h ) - t  No such reduction in the standard deviation of 
estimates was noted for data from March or April. 

DISCUSSION 

M a x i m u m  s p e c i f i c  p h o t o s y n t h e t i c  r a t e  

The maximum ratio between photosynthetic rate and chlorophyll a concentration, 
Pmax, is often called the assimilation ratio or assimilation number of the phytoplank- 
ton population. The following two values of assimilation ratios have been referred to 
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in the literature frequently: 3.7 mg C (mg Chl a .  h)-I (Ryther & Yentsch, 1957), and 
4 mg C (mg Chl a . h)-~ (Strickland, 1960). However, available literature data on 
the subject and the results of experiments reported herein show a large range of values. 
Ryther & Yentsch (1957) reported values from 2 to 6 for freshwater and marine 
phytoplankton; for phytoplankton in the North Sea, Steele & Baird (1961) found 
values between 0.7 to 1.7. For waters off the coasts of Washington and Oregon, 
Anderson (1964) showed large variability in Pmax values obtained from surface water 
samples, but reported that Pmax values were lower in oceanic areas. For neritic waters 
along the Oregon coast, Curl & Small (1965) observed a range from 6 to 20 over a 
period of two years. In view of the above estimates, it follows that there is no specific 
value for carbon assimilation per chlorophyll a at optimal light intensity; therefore 
it seems unrealistic to use averaged values from different seasons and locations in 
estimating productivity of a given area. Furthermore, in this study, analysis of 
covariance showed a highly significant month • depth interaction; therefore, data 
of different months or depths cannot be combined to obtain an average value. The 
estimates of Pm~x from light-saturation experiments (Table 1), showed that during 
March and April the maximum specific production rate in ambient seawater occurred 
at the 50 o/o illumination level and in the plume at the 100 ~ level. This pattern for 
the ambient and plume regimes indicates presence of "non-light adapted" and "light 
adapted" phytoplankton, respectively (Ryther & Menzel, 1959). A similar pattern in 
the plume and ambient seawater was noted by Anderson (1972) in winter. The differ- 
ence on light adaptation is probably due to the earlier stabilization of the water 
column in the plume (Anderson, 1964) which would have exposed the phytoplankton 
in the plume to more sunlight. In ambient seawater, at the same time, vertical mixing 
would have carried phytoplankton into deeper layers. 

It is quite obvious that the effects of illumination levels and months alone cannot 
explain the changes in Pm~x values in the data treated herein. Species composition or, 
at least, the relative abundance of major groups of phytoplankton might be important, 
although Dunstan (1973) did not find significantly different photosynthesis-light 
intensity curves among five species representing different groups of marine phyto- 
plankton. 

L i g h t ' s a t u r a t i o n  a n d  s i m u l a t e d  i n  s i t u  
m e a s u r e m e n t s  

For numerous reasons, comparison of productivity rates from laboratory incuba- 
tion and in situ measurements is a difficult task. In one of the few such studies, Tailing 
(1960) showed that agreement between laboratory and in situ measurement of light 
saturated rate of photosynthesis, expressed per unit cell volume per hour, of a labora- 
tory grown diatom was fairly good. In hi~s study, field exposures were of a short 
duration, one to one and one-half h, and the ~difference between the l~boratory 
light source (2100-2500 lux in text, and about 25 klux in diagrams) and sunlight 
intensity was large. Pm~x values from the two sets of experiments reported herein, 
light-saturation and simulated in situ, are in fair agreement with values in the lower 
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range reported by Anderson (1964) for the area. Values from simulated in situ meas- 
urements (Table 5) were generally lower than those from light saturation experiments 
(Table 2). However, the following points should be considered when making such 
comparisons: 

(1) The quality of light for the two sets of experiments was different. Unfortu- 
nately, neither approximates the distribution of light in seawater under natural con- 
ditions. There is now substantial evidence that different parts of the light spectrum 
of the same intensity have different effects on the concentration of chlorophyll and 
the photosynthetic rate of laboratory grown and natural populations of phytoplank- 
ton (Wallen & Geen, 1971; Steemann Nielsen & WillemSes, 1971). 

(2) Duration of experiments: Light saturation experiments were conducted for 
two to four hours, whereas simulated in situ experiments lasted for one-half day. 
Short-term experiments have the disadvantage that extrapolation of daily pro- 
duction is very imprecise, since periodicity in photosynthesis and chlorophyll concen- 
tration could cause serious errors in the estimation of primary productivity (Curl 
& Small, 1965; Small et al., 1972; Glooschenko et al., 1972). Also, as chlorophyll 
measurements were made prior to incubation, primary productivity rate would be 
considerably overestimated in simul~ted in situ experiments when substantial growth 
occurs. Furthermore, the initial release of unlabelled organic carbon from cells during 
the course of an experiment (Anderson & Zeutschel, 1970) could lead to overestimates 
of particulate primary production. 

(3) Light intensity above the optimum value has the effect of reducing the pri- 
mary productivity rate by photoinhibition (Steemann Nielsen, 1962) or by photo- 
respiration (Harris & Lott, 1973). Phytoplankton contained in experimental bottles 
exposed to full sunlight for half a day is, therefore, likely to show low production 
rates, whereas in the sea, a given phytoplankton cell is unlikely to remain near the 
surface for such a long time. 

(4) Pmax, estimated from simulated in situ experiments, incubated from local 
noon to sunset, would be underestimated due to the expected higher initial production 
rates. The bias thus introduced would be related to the distribution of sunlight during 
the incubation period, as the instantaneous rate of phytoplankton would be continu- 
ally changing with time of the day. On a clear, bright day surface Pm~x values could 
be underestimated by a factor approximately equal to ~/2 (Dr. D. F. Winter, personal 
communication; also see Vollenweider, 1965). 

O p t i m a l  l i g h t  i n t e n s i t y  

Estimated values of Im~x from laboratory incubation experiments presented 
herein are not widely different from each other, except for surface layers in ambient 
seawater in May where a high value and large variability was noted. Most of the 
values presented in Table 1 are fairly close to the o~en-quoted average for marine 
phytoplankton - 2000 foot-candles, or approximately 0.1 cal (cm2) -1 or langley per 
minute. Values for optimal light intensity have been reported to be different for differ- 
ent groups of phytoplankton. Ryther (1956) gave the following /max values: 1.74 



72 M.J.  Hameedi 

langleys per hour for Chlorophyta, 4.62 langleys per hour for diatoms, and 9.66 
langleys per hour for dinoflagellates. Variations in Im~x values reported herein (Table 
1) could also be due to difference in composition of the phytoplankton. 

In contrast, simulated in situ experiments show progressively higher values of 
Imax from March to May (Table 5). This could be due to increasingly higher light 
intensities at which the cells were growing. It has been shown by several workers that 
/max depends on the light intensity at which a population was reared and occurs- 
close to the "pre-conditioning" light intensity (e.g., Strickland, 1965). Estimated values 
of Im~ were, nevertheless, lower than the maximum available solar radiation in 
these months: 14, 18, and 22 langleys per hour for March, April, and May, respec- 
tively. 

The divergence between the two sets of values of Im~x may also be due to the 
low maximum intensity of available light in the incubator. The incubator used in 
light-saturation experiments had a maximum light intensity of about 22 klux 
(equivalent to about 0.1 langleys per minute), a value much lower than the maximum 
value expected in nature. Incubators used by other workers have similar low maximum 
energy output: 25 klux? (Tailing, 1960), 9 klux (Anderson, 1964), and 30 klux 
(Taguchi, 1972). The apparent difference in Im~ values from the two types of expe- 
riments reported herein does not indicate a difference in the physiological or bio- 
chemical response of phytoplankton, but points mainly toward the inadequate inten- 
sity of light during laboratory incubation. The effect of the incubator light intensity 
on the estimates of Pm~x values, as distinct from the other factors discussed previously, 
cannot be ascertained. 

C o v a r i a n c e  m o d e l  

With the widespread use of electronic computers, statistical analysis of ecological 
data has become common in recent years. Inferences and results from multivariate 
analysis applied to ecological data have provided useful insights and interpretations 
of observed distribution of organisms (e.g. Stevenson et al., 1974), environmental 
parameters (e.g. Wikum & Wall, 1974), and biological processes (e.g. Hameedi, 1976). 
The analysis of covariance described in this paper is one of the very few such attempts 
to analyze primary productivity data. The highly significant interaction between the 
effects of illumination levels and months did not permit the averaging of data over 
these factors. Interaction between environmental or experimental factors, even though 
difficult to explain quantitatively, is almost always present and should be expected, 
i.e., it should be included in statistical models. In experimental biological research it is 
frequently expressed as synergism or interference of variables (Sokal & Rohlf, 1969). 
The interaction noted in this study is biologically explainable and has meaningful 
interpretations. 

A slightly different covariance model was applied to summer primary productiv- 
ity data from the Arctic Ocean by Smith & English (unpublished data). They noted 
that the effect of time (i = 1, 2, 3) was highly significant and that the effect of depth 
(j = 1, 2) was not significant. Estimated values of Pmax for the three time periods - 
June 15 to August 1, August 2 to August 20, August 21 to September 20, 1971 - were 
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7.2, 5.8, and 3.6 mg C (mg Chl a . h) -1,  respectively. The potential applicability of 
such analyses is wide as several other factors, such as temperature, heavy metal or 
hydrocarbon concentration, can easily be added to the covariance model to assess 
their significance. I t  should be emphasized that  the obtained results be evaluated in 
light of the assumptions inherent in the model and the applicability of Steele's (or 
any other) equation to the data. From the biological point of view, it should be noted 
that significant changes in Pm~ values with time may simply be the result of changes 
in the mass to chlorophyll ratio in phytoplankton cells as photosynthesis data are 
incorporated as mg C assimilated per mg Chl a per hour. 

C O N C L U S I O N S  

The problem of quantifying the effect of light on pr imary productivity may 
require further examination and possibly a reevaluation of existing concepts. A 
general pattern of the relationship between light and photosynthesis of phytoplankton 
is well defined. However ,  the problem of the interpretation of different types of 
experimental data and results (from short-term experiments, with an artificial light 
source, 24-h incubations, etc.) and their application to natural conditions is still un- 
resolved. 

The discussion of problems outlined in this paper is based on historic data. None-  
theless, similar data are still routinely obtained in most field ecological programmes 
to assess physiological response or productivity potential of phytoplankton.  Extensive 
new data are needed to gain a thorough understanding of the dynamics of phyto- 
plankton productivity. It  may become necessary to distinguish the effects of light, 
temperature, and nutrient concentrations in the medium from those of cellular nutrient 
pools, and pigment and enzyme concentrations of phytoplankters.  Once the objectives 
are clarified, experimental design and sampling strategy should be formulated. A 
variety of statistical procedures are available to analyze the resulting data. 
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