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ABSTRACT: A method is presented for the determination of 4 h. The ecological interpretation of these data is 
algal photosynthetic rate as a function of incident irradiance. severelv constrained for those ada~ t ive  Drocesses 
The method uses small volumes (1 m]), short incubation times occurring on time scales of the same order or shorter 
(20 min) and provides sufficient data (36 pairs) for objective 
analysis. Data from laboratory and natural algal populations than the incubation time. There is growing evidence 

are used to illustrate application with particular attention to (Harris, 1980; Demers and Legendre, 1981; Rivkin et 
the response of parameters of photosynthesis-irradiance rela- 
tionships to short time-scale variations in incident irradiance 
such as might be experienced in a mixing water column. 

The relationship between photosynthesis and inci- 
dent irradiance is fundamental to the study of phyto- 
plankton ecology and to simulation models of ecologi- 
cal dynamics in aquatic environments. The mag- 
ni tude~ of the parameters describing the photosyn- 
thesis versus irradiance curve (P-I curve) contain infor- 
mation on the physiology of the algae (e.g. Jassby and 
Platt, 1976; Platt and Jassby, 1976) and variations in 
the parameters can be accounted for by variations in 
environmental conditions (MacCaull and Platt, 1977; 
Harrison and Platt, 1980; Demers and Legendre, 1981; 
Falkowski, 1981; Malone and Neale, 1981). 

The relationship between irradiance and photosyn- 
thesis for particular algal cells is not fixed: rather, the 
photosynthetic response will adjust according to fluc- 
tuations in ambient irradiance experienced by the cells 
with the passage of time. One manifestation of algal 
adaptation to light is variation in the parameters of P-I 
curves (e.g. Steemann-Nielsen and Jargensen, 1968; 
Beardall and Morris, 1976; Falkowski, 1980). Such 
adaptive responses are ecologically important because 
of the inherent non-linearity in the photosynthesis- 
irradiance relationship (Platt et al., 1977; Woods and 
Onken, 1982). 

Usually, in the measurement of photosynthesis as a 
function of light, samples are exposed to a gradient of 
light intensity for a fixed incubation time, typically 3 to 

al., 1982; Auclair et al., 1982; Gallegos et al., in press; 
Lewis et al., submitted) that phytoplankton effect sig- 
nificant photoadaptive responses with characteristic 
times much shorter than 4 h and it would be somewhat 
unusual for phytoplankton to experience constant 
irradiance throughout a 4 h period as they circulate in 
the vertical environment. 

We found it necessary to consider an alternative 
measurement technique to circumvent some of these 
difficulties in the investigation of the amplitudes and 
time-scales associated with responses of algae to light 
fluctuations with time scales less than ca. 5 h (such as 
might be experienced in a mixing water column). We 
therefore developed, and report here, a method for 
measurement of algal photosynthesis as a function of 
light that uses short incubation times (20 min), small 
volumes (1 rnl), short post-incubation processing times 
(< 1 min) and which yields sufficient data (36 pairs) to 
permit objective curve fitting by minimization of 
residual variance about some model equation (Gal- 
legos and Platt, 1981). 

The method is a modification of the 'acid-bubbling' 
technique of Schindler et al. (1972). One m1 of algal 
suspension is exposed to various light intensities with 
'*C in glass scintillation vials illuminated from below. 
At the end of incubation, acid is added to the sample 
with shaking to purge inorganic carbon, the solution is 
neutralized and the scintillation fluor is added directly. 
The method thus does not discriminate fixation into 
particulate and dissolved phases. 

Apparatus. The incubation chamber is depicted in 
Fig. 1. Although it was primarily designed as a labora- 
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tory instrument, it is durable and has been used at sea 
in the Arctic. Two reversed flow cuvettes on the bottom 
are connected to cooling water and attenuate most of 
the infrared radiation. The sample chamber is flushed 
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Fig. 1. Schematic diagram of incubation chamber (not to 
scale) 
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Fig. 2. Photosynthesis versus incident irradiance for 2 cultures 
of Thalassiosira pseudonana(3H), grown at 2400 ~Einst 

m-2  S -I and 100 @nst rn-'s-' 

at a high rate from a constant temperature water bath 
(+ 0.2 C"). Copper sample tubes with an inner diame- 
ter equivalent to the outer diameter of scintillation 
vials have various grades of neutral density filters 
(Perforated Products) cemented to their bottoms to give 
a range of incident irradiance from - 1 to 2000 pEinst 
m-2 S-l. The light source is a 2000 W tungsten halogen 
lamp (Atlas Model OHS 200). 

Method. Fifty m1 of algal culture (or water sample) 
were placed in a beaker and l4 C added with stirring. 
With cultures, the specific activity was - 0.5 pCi ml-'; 
for field samples (with chlorophyll concentrations as 
low as 0.5 pg Chl a l-l) we used up to 5 pCi ml-l. After 
thorough mixing, three 50 p1 aliquots were removed to 
12 m1 Aquasol (to which 20 p1 6 N  NaOH had been 
added; Iverson et al., 1976) for the determination of 
total activity. No losses of inorganic carbon due to 
atmospheric exchange over the incubation period were 
measured. One m1 aliquots were then dispensed by 
repetitive pipetting into the 36 scintillation vials that 
were in place in the Photosynthetron. In addition to the 
36 samples, 3 more were taken for a time-zero control: 
these are immediately acidified. 

The lights are controlled by a timer. At the end of a 
20 min incubation, the samples were removed immedi- 
ately to a tray, placed on a shaker table in a hood and 
acidified with 0.5 m1 6 N HCl. Less acid would prob- 
ably be sufficient. The vials were then shaken for 
- 1 h. The efficiency of inorganic C removal is 99 % 
after l 0  min with this method and - 100 % after 
30 min. The samples were then neutralized with 0.5 m1 
6 N  NaOH and 12 m1 of Aquasol + 10% methanol 
added directly to the vials. The methanol aids in the 
accommodation of the aqueous sample and no de- 
crease in counting efficiencies has been noted. The 
time-zero controls were treated identically except that 
they were acidified at  the beginning of the incubation. 

Irradiance measurements were made with a Bio- 
spherical Instrument 4 n collector placed inside a scin- 
tillation vial. The equation of Steemann-Nielsen (1952) 
was used to convert dpm to mg C mg Chl-' h-' (after 
substraction of the time-zero control) and the data 
fitted by a non-linear parameter estimation routine 
(Bard, 1974) to the following photosynthesis-irradiance 
model (Platt et al., 1980): 

~ ' ( 1 )  = P! [ l  - exp ( -  aI/P:)] exp ( -  PI/P:) (1) 

where a = slope of the curve as I goes to zero; P = a 
parameter defining the degree of inhibition at high 
intensities. P: = potential maximum photosynthetic 
rate normalized to chlorophyll; it is equal to the 
observed maximum rate, P:, if there is no inhibition. P: 
and P! are related by the following: 
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Results and discussion. Precision of the method is 
reflected in an average (> 75 experiments) coefficient 
of variation for a single experiment of 4.3 % for P:, 
7.0 % for a, and 37.3 % for p. Some typical examples of 
the resolution of the method are seen in Fig. 2. Both 
experiments were done on laboratory cultures of 
Thalassiosira pseudonana (Clone 3H). In one case, the 
algae were grown at  2400 pEinst m-' S-' continuous 
light (Fig. 2 A) while in the other, they were grown at  
100 pEinst m-' S-' (Fig. 2 B). The time scales associ- 
ated with changes in the parameters upon shift up 
(100 pEinst m-2 S-' culture transfered to 2400 ~ E i n s t  
m - 2  s - ~  ) differs for each of the parameters (Figs. 3 and 

4) but it is clear that significant adaptation takes place 
over the time scale associated with incubations of more 
standard length. 

The method has proven useful in extensive experi- 
ments on natural populations a s  well. On many occa- 
sions we compared 20 min incubations with P-I curves 
generated from longer, more standard incubations 
(Jassby and Platt, 1976): one is presented here for 
which the chlorophyll concentration was 0.5 pg 1-' 
(Fig. 5). Lower phytoplankton densities may require 
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Fig. 3. Time course of photosynthesis versus irradiance for a 
culture of 77mlassiosira pseudonanea(3H) after a switch from 
a culture irradiance of 100 pEinst m-2s-' to 2400 ~Einst  

TIME (h)  

Fig. 4.  Variation In the parameters of the photosynthesis 
irradiance curves in Fig. 3. m refers to steady-state (>20 

generations) value 
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Fig. 5. Photosynthesis versus irradiance curves for the same 
natural phytoplankton sample incubated for 3 h (circles) and 

for 20 min in the new incubation chamber (triangles) 

more isotope, but there does not seem to be  any reason 
why samples with phytoplankton concentrations more 
typical of the open ocean might not be  accessible to 
measurement, unless the added carbon were high 

m-2s-1 enough to perturb the carbon content of the sample. 
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Differences between the 3 h incubation and the 20 min 
incubation are consistent with the adaptation patterns 
in the laboratory population (Fig. 4) .  

We have presented here a small volume, short-incu- 
bation-time method for the determination of the rela- 
tionship between photosynthesis and irradiance. It is 
relatively rapid and one operator can complete the 
experiment in - 0.5 h. The method has proven useful 
both in the laboratory and in the field for the analysis 
of short time scale response of algae to changes in 
available light. 
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