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by Cowlishaw and Mrsa (3), who stuclied the inter-
action of sensitive P. boryanum and LPP-1 in a
quasi-continuous culture system, "T'his system in-
volved periodic replacement of a large aliquot of cul-
ture with fresh medium unlike the system reported
here which was continuous. He observed 4 lysis
phases during the first 50 days of incubation while
the results presented in this report only showed 3.
He also found the derived cyanophage antigenically
similar to input parental virus. Also, virus was never
completely diluted out of his cultures in agreement
with data reported here. Algac isolated by Cowli-
shaw and Mrsa (3) were resistant to original, input
cyanophage, and not lysogenic.

These continuous culture studies have revealed
additional complexity to this host-parasite relation-
ship. Results ave different from those obtained dur-
ing single-step growth experiments where a single
burst of viral replication is observed; and oscillations
do not occur. The chemostat provides an environ-
ment for maintenance of community stability and
integrity where organisms are randomly dispersed
and provided steady state conditions for growth and
metabolism. The algal population is protected by
overflow from density dependent influences alter it
has become resistant. When cyanophage is intro-
duced to infect sensitive Plectonema, pamsite pres-
sure, a density independent influence, acts upon the
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algae to regulate the algal population. Studies of
lysogenic algae and temperate cyanophages reflect
balanced parasitic relationships that may occur in the
natural environment.
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THE RELATIONSHIP BETWEEN PHOTOSYNTHESIS AND LIGHT FOR NATURAL
ASSEMBLAGES OF COASTAL MARINE PHYTOPLANKTON!

Trevor Platt and Alan D. Jassby?
Marine Ecology Laboratory, Bedford Institute of Oceanography
Dartmouth, Canada B2Y 4A2

SUMMARY

In a sevies of 188 experiments on the light-satura-
lion curve for natural assemblages of phytoplankton
at 3 stations in Nova Scotia coastal waters, it was
found that both the initial slope (a) of the curve and
the assimilation number (Py®) varied about 5-fold
throughout the year. No differences could be de-
tected between stations, but both a and P,B decreased
with depth. The mean value of a for all the expert-
ments was 0.21 mg Glmg Ghl al-t-ht-W-t-mé, with

1 Accepled: 8 June 1976.

2 present  address:  Lawrence Berkeley Laboratory, Encrgy
and Environment Division, University of California, Berkeley,
94720.

a range from 0.03 to 0.63. An explanation is offered
for the nonconstancy of a in terms of the effect of
cell-size and shape on self-shading. An estimate is
made from first principles of the physiological max-
imum-attainable value of e This estimate corve-
sponds, within the limits of experimental error, to
the highest values of @ observed in the study. It is
deduced that on the average the phytoplankton were
photosynthesizing at only 4% maximum capacily.
The mean value of Py® for all experiments was 4.9
mg C[mg Chlal*-1™, with a range from 0.73 to 24.8.
In the matrix of partial correlation coefficients, e and

P, were positively correlated with each other; e was
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correlated with mean solar radiation averaged over
the 3 days prior Lo the experiment, bul uncorrvelated
with lemperature; Po® was correlated sirongly with
temperature but uncorrelated with recent solar radia-
tion. The results show that P, could be estimated
from « and temperaiure using an empirical multiple
regression equation, independent of depth. 1t is sug-
gested that o and P,® are both correlated with some
other factor not measured in the study, perhaps the
mean cellsize of the populations, or the nutrient
status of the cells. The prediclability of primary
produciion is discussed in the light of this evidence.

Key index words: assimilation number; cell-size; ini-
tial slope; photosynthesis; phytoplankion; primary
productivity; respiration

INTRODUCTION

‘The lightsaturation curve plays a central role in
all theoretical studies of the productivity of phyto-
plankton: it relates the photosynthesis per unit
chlorophyll biomass P? (in mg Clmg Chl a]1-h-1) to
the irradiance I (in W-m-2). Tor light fluxes lower
than the threshold of photoinhibition, a sufficient
mathematical description of the light-saturation
curve can be made with an expression containing
only two free parameters. Platt, et al. (16) give rea-
sons for choosing the parameters to be (in mg C[mg
Chl a]*-h1-W-1.m?2), the initial slope of the light-
saturation curve; and P,,* (in mg C[mg Chl al™t-h-1y,
the specific production rate at optimal light intensity,
often called the assimilation number. Using data
from light-saturation experiments made on natural
assemblages of coastal phytoplankton Jassby and
Plate (12) found that the most consistently-useful
empirical representation of the relationship between
photosynthesis and light was

PE = P,® tanh(al/P,2) - RF, 1)

The term R2 (in mg C[mg Chl a]t-h~1) is the inter-
cept at zero irradiance: it is commonly considered
to be a measure of dark respiration, although recent
work on photorespiration in algae (88) suggests that
this interpretation is oversimplified.

The point of view adopted in this paper is that
Equation I can serve as an operational model for
quantifying the effects of environmental conditions
on P2 Aside from the explicit dependence of P* on
ambient light, the effects of temperature, nutrients,
adaptation and diurnal rhythms could be expressed
through their influence on the parameters o, P, ® and
RP. A unified approach to extending the predict-
ability of P? would then consist in determining equa-
tions, either empirical or otherwise, in which e, Pz
and R7¥ are the dependent variables whose values are
determined by a minimum number of independent
environmental variables other than the instantaneous
irradiance.

Initial attempts have been made to examine the
eflects of temperature and nutrients on P,,3 (4,24,50)
but insufficient seasonal data have been published so
far for us to assess the utility of the approach in
improving the predictability of P® for natural popu-
lations. Even less information is available on the in
situ variability of « and RE. It has heen suggested
(L,3) that @ might turn out to be a relatively stable
parameter: this suggestion is based on the argument
that the quantum yield at low irradiances depends on
the general photochemical reactions of chloroplast
pigments and should therefore be independent of
hoth species and temperature. The argument is an
appealing one, and finds support in some classical
experimental results from plant physiology, but until
now it has not been tested for a large body of data
collected on mnatural populations of phytoplankton.

In this paper we describe the variation of the
parameters o, P,? and R® over season and depth
(within the photic zone) and their dependence on
certain environmental factors, for natural assem-
blages of phytoplankton collected in the coastal
waters of Nova Scotia, Canada. The study extended
over a 2 yr period; in all, 188 duplicate light-satura-
tion experiments were carried out. Particular care
was taken to find the best estimates of the parameters
for each experiment,

METHODS

Light-saturation measurements were made using populations
taken from 3 coastal locations off Nova Scotia during the
period July 1978 to March 1975. Two depths were sampled on
each sampling day (either 1 and 5 m, or 5 and 10 m). Each
experiment was made in duplicate.

The uptake of ¥C was measured at various levels of irradi-
ance in  specially-constructed water-cooled incubators using
artificial illumination. Chlorophyll & was measured in qua-
druplicate, Full experimental details and procedures for fitting
the parameters are given in (12).

RESULTS

The raw data, and associated parameter estimates,
are available as a "Technical Report (11).

Typical lightsaturation curves from each location
are shown in Fig. 1. Those experimental points con-
sidered to belong to the linear portion of the curve
have been distinguished from the rest. Analysis of
variance (Table 1) showed that for none of the fitted
parameters o, P, 2 and RE, nor of the derived parame-
ters P, %/a, R#/P,B and R2/a, did significant differ-
ences exist between locations.

Magnitude and range of the parameters. Table 2
shows the average magnitude, its standard error, and
the range of the parameters observed at each depth
during the study. The means of « and P,? were sig-
nificantly greater at 1 m than at 5 m (Table 3). The
difference in R® between 1 m and 5 m was almost
significant, but none of the derived parameters,
Fyb/a, RP/P,B and R¥/a was significantly different
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Fi6, 1. Typical light-saturation curves showing the experimental data; the regression fit to the lincar part of the curve; and the

nonlinear fit to the whole curve.

at 5 m than at 1 m. Between 5 and 10 m, differences
in the mean values were not significant for any of the
parameters a, P, RB®, P,%/a, RE/P,B or RP/a
(Table 3).

Tasle 1. Analysis of variance resulls. Lach entry corresponds
{0 an T ralio for the null hypothesis: at the depth con-
cerned, the variance belween locations of the given
pholosynthetic parameler is indistinguishable
from the error variance. This hypothesis
was nol rejected in any of the cases.

1m 5m 1Q)m

Parameter F(Z) @) F(i)
« 0.107 0.705 0.146
Pt 0.057 1.005 1.189
R? 0.833 1.372 1.788
P, 0.159 1.793 1.340
RrRY®/P," 1.585 0.708 1.236
R¥/a 1.900 2.780 1,743

The relative precision of individual parameter
estimates is shown in Table 4. The asymptote P
was determined with the smallest relative error (H%),
which varied litde with depth. The error on the
initial slope a was 16%, also independent of depth.
The mean relative error for R? was 175% which
reflects, presumably, the difliculty of precise measure-
ment of light energy at very low levels.

Seasonal vaviation of the photosynthesis paranie-
ters. Figures 2 and 3 show the seasonal variation of e
and P,,? at each depth in St. Margaret’s Bay, where
most of the data were taken. Results from the other
9 stations showed a similar pattern. The initial slope
showed about a 5-fold variation throughout the year.
The assimilation number also varied about 5-fold
through the year, with highest values in the summer
and ealy autumn, and sometimes a secondary peak
in January and Februavy. Given the very wide con-
Fidence intervals on the individual estimates ol RE,
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Tasre 2. The mean magnilude, S.E. and range of photosyn-
thetic parameters observed at each depth. In each
column means arve on lefl, ranges in the mid-
dle and S.E. of the mean on the right.

1m 5m 10m
Parameter 54 observations 83 observations 51 observations
0.63 0.50 041
0.24 0.019 0.20 0.011 0.18 0.012
* B 005 0.03 0.07
19.08 19.87 2483
5 54 1.5 .30 4.70 0.51
PP 5.797 0.880')1 1,52 1'0503 o8 5
.5 0.62 0.76
R* 0.29 4 JOO,OBG 0.15 ’ 0.016 0.19 0.028
0 0 0
149 778 75.2
> B .64 4.4 1.20 25.8 1.82
Pul/fa BBy 2 Sha T 8.1

.38 0.14 0.15
RE/PLE 0042 83 0.0075  0.036 0 0.0036 0.089 ) 0.0044

3.84

& 9
8.8 0.755 0.065 0.940 0.1]

R'/a 098 "~ 0.7

no seasonal pattern was discernible, and no plot is
offered.

DISCUSSION

It is clear that we cannot regard the parameters of
the light-saturation curve as being constants. Both «
and P,* varied more than 5-fold over the year at a
given depth, and also varied with depth. The non-
constancy of « merits some discussion, since there had
been reason to suppose that it would be considerably
less variable than P2

Possible explanation for variations in the initial
slope. The hypothesis that « should be more or less
constant since it is a function of basic photochemical
reactions which may be independent of phylogeny
and, incidentally, independent of temperature (L,3),
is not supported by our results. It is true that for
isolated chloroplasts, the maximum quantum yield
(¢n in the notation of Bannister (1)) may be indepen-
dent of species, but the realized « for whole cells also
depends on the ability of the cells to capture light.
The average light-harvesting ability of a unit of
chlorophyll a will depend on the cellular architecture
and pigment composition, and to the extent that
these are changing with season and depth, we can
anticipate corresponding changes in « measured on
natural populations. This effect would not have
been expected to show up in the culture experiments
reported by Dunstan (3) since the species he used
were all fairly similar in size and morphology.

It is difficult to make a detailed quantitative
representation of these relationships when the cell
morphology and chloroplast arrangement are com-
plex. But we can make an analysis of a simplified
case to show the kinds of effects that may be expected.
Consider a weakly-absorbing system of cubical cells
of side d, each of which is packed with chloroplasts,
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TABLE 3. Analysis of variance resulls, Each entry corresponds
to an T ralio for the null hypothesis: for the given photo-
synthetic parameler, the variance belween the two
given depths is not grealer than the variunce
within the depths. The cases for which this
hypothesis was rejected at the 95% confi-
dence level are wnarked with an asterisk.

Between 1 and 5 m Between 5 and 10 m

Parameter F %35) F(%:;:z)
o 4.80% 0.81
P2 4,69* 0.10
R? 3.63 1.72

Pl e 0.22 046
R?/P," 0.76 0.27
R?/a 207 2.45

in an irradiance field I. The radiant power incident
on a single cell is Id? so the energy /, absorbed by n
cells per unit volume is

I, = nld?[1 - exp(-Cde/p)] (2)

where e is an average extinction coeflicient per unit
of chloroplast pigment; p is the proportion of total
pigment which is chlorophyll a; and C is the chloro-
phyll a concentration per unit of cell volume. Now
at low light levels, gross photosynthesis P is directly
proportional to the absorbed light I, with a propor-
tionality, for the ideal case, equal (in the appropriate
units) to the maximum quantum yield, ¢,: that is

P= Qbmja (3)

where for simplicity we omit a correction for the
interconversion of quanta and energy. To find « at
these light levels, we normalize P to the chlorophyll «
concentration (of the water) and divide it by the
available light:
P
o= s 4
[Chla]-1 @
Since [Chl a] = nCd?, we may combine Equations 2, 3
and 4 to give

— bm
«= 5 [1 —exp(~Cde/p)]. (5)

In Equation 5, the controlling parameters are p
and the product Cd. The magnitude of « decreases
as both p and Cd increase. The inverse dependence

TABLE 4. Average relative errors of the individual estimates of
the photosynthetic parameters. The index of relative error
is the widlh of the 90% confidence interval (linear or
nonlinear) divided by twice the parameter esiimate.

Im | 5m 10 n; T
54 obser- 83 obser- 51 obser- Weighted
vations vations vations mean
@ 0.17 0.16 0.15 0.16 ‘
P2 0.057 0.049 0.055 0.053

R 1.35 2.51 0.93 1.75
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Ti. 2. Seasonal variation of o in St. Margaret's Bay, Nova Scotia,

of « on Gd has heen verified (29) for cultures of the
cliatom Coscinodiscus centralis Ehrenb., a species
which approximates to the idealized case of a cell
packed uniformly with chloroplasts.  For natural
populations we know that in general, adaptation of
phytoplankton to higher irradiances results in a
lower chlorophyll content/cell, a decrease in the ratio
of chlorophyll a/b or a/c, and a lower proportion
ol chlorophyll compared to cavotenoids (7). We
would therefore expect that higher values ol « would

1974 1975

be associated with higher values of ambient light,
provided that concomitant changes in d did not
interfere. This conclusion is consistent with the gen-
eral feature of our results that higher values of « are
observed at shallower depths and at times of the year
in which the available light is higher. In practice
these general features will be confounded with the
moderating effects of temperature, and the nutrition
and age of the cells (14). We shall see how far these
speculations are justified in the following section.







