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of Sun and Shade Phytoplankton 1 
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ABSTRACT 

The r elationship of photosynthesis to light intensity is examined, using phytoplankton 
cultured in different environments. The graphical means used in presenting the data are 
shown, and the desirability of normalizing the curves is discussed. 

In a less than optimal environment, the principal stage of photosynthesis affected is the 
rate of dark reactions. This causes the h to shift toward lower light intensities so that the 
maximum rate of photosynthesis is achieved at lower intensities. 

In phytoplanktonic ecology it has been the practi ce to utilize the position of the has 
an index for classifying populations as sun or shade types. The experimental data presented 
make it doubtful that the h can be used in this manner . It is believed that the variation in 
the shape of the photosynthetic light curve for natural populations is more of a response to 
physiological stress than to classical adaptation. 

Introduction. Since the early papers of Blackmann were published, biologists 
have concerned themselves with the relationship between light intensity and 
photosynthesis. In the field of planktonic ecology, interest has centered around 
the development of models of integral photosynthesis (Tailing 1957, Ryther 
1956, Steemann Nielsen and Jensen 1957) and the study of so-called adaptive 
characteristics of sun and shade plankton; this work was carried out principally 
by Steemann Nielsen and coworkers (Steemann Nielsen and Hansen 1959, 
1961, Steemann Nielsen et al. 1962, J0rgensen 1964). 

The photosynthetic response to light intensity proceeds in two stages, each 
stage being semi-independent with regard to the physiological mechanism and 
biochemical products. Light reactions split water and also supply reductive 
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and high-energy compounds. Dark reactions, utilizing these compounds, com-
plete the mechanics of carbon dioxide assimilation. Since these two stages are 
semi-independent, their rates provide clues to the responses of the synthetic 
system to environmental factors. As such, the photosynthetic light curve can 
be a means of obtaining relative rates for these two stages. 

In this paper we examine photosynthetic light curves for phytoplankton 
cultured in different environments. Our experiments have caused skepticism 
that some photosynthetic light curves measured in natural populations show 
"adaptive" characteristics. Our skepticism was aroused first when we examined 
graphical techniques to be used in the presentation of data. 

The arguments introduced include a general interpretation of photosynthetic 
light curves with reference to rates at which light and dark reactions change 
under certain environmental conditions. This entails comparison of graphical 
techniques with accompanying experimental examples. Much of the validity 
of our argument depends upon the interpretation of "biological adaptation." 
We believe that a discussion of this interpretation is important in understanding 
the environmental physiology of phytoplankton, and our discussion has stimu-
lated arguments for an interpretation of photosynthetic li ght relationships in 
natural waters. 

In recent years, with the incorporation of physiology into modern studies 
of ecology, the definition of ecology has become obscure. For example, such 
terms as environmental physiology and physiological ecology are now used. 
A secondary purpose of this paper is to point out what part modern ecology 
should play in modern biology. We believe the role of modern ecology should 
provide an understanding of how physiological mechanisms, such as photo-
synthesis and respiration, are affected by the environmental features. 

Methods. For this study, the cultures of the marine flagellate, Nannochloris 
atomus, were grown from stock cultures maintained by Robert R. L. Guillard 
in our laboratory. To satisfy the demands of our experiments, these cultures 
were grown in mass quantity in medium F/2 (Guillard and Ryther 1962) at 
20°C, under r 0,000 lux of flu orescent illumination alternated on a r 2-hour 
li ght, 1 2-hour dark, regime. The mass cultures were maintained in a loga-
rithmic growth phase at constant pH of 8.5 by turbidistatic methods. This 
was done as follows: A red-sensitive photocell (90°/o Tat 750 mµ) beamed 
through the culture container monitored the turbidity caused by the cells in 
the suspension. The cells were kept in the log phase of growth by manually 
introducing new media. From this system (8 1 in total volume), samples for 
experiments as large as 4 1 were removed without disturbing the culture 
equilibrium. Prior to photosynthesis experiments, 2.5-l samples were drawn 
off from the the turbidistat and preconditioned for the experiment that followed. 

For the measurement of photosynthesis at different li ght intensities, special 
160-ml cuvettes, individually calibrated, were constructed and fitted with 
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Kodak neutral-density filters (Fig. 1 ). A range of intensities between 1 ° /o and 
100°/o was established, using a set of 12 cuvettes. To measure photosynthetic 
activity, the C'4 method of Steemann Nielsen (1952) was utilized. In most 
cases o. 77 µc/ml of C'4-labeled bicarbonate was added to each cuvette. The 
cuvettes were placed face down in a transparent water bath and illuminated 
from below. Agitation was maintained by a slow rocking motion of the water 
bath. Generally, the photosynthetic measurements were for a period of one 
hour, after which samples were immediately filtered, dried, and counted in a 
windowed gas-Row counter. 

Determinations of chlorophyll were by the method of Yentsch and Menzel 
(1963). The cells from the culture were concentrated by filtration (0.45-
micron pore size) and extracted in 85°/o acetone. For chlorophyll computation 
a specific absorption coefficient of 65 was used. 

Much of the data presented in this paper represents measurements made 
on natural populations. In natural populations of phytoplankton a good photo-
synthetic light experiment is a rarity. Very few investigators, ourselves in-
cluded, have had facilities aboard research vessels that could satisfactorily 
maintain a temperature comparable to that at the location and depth at which 
the samples were taken. Most measurements have been made in incubators 
illuminated by tungsten or fluorescent lights. Temperatures have been main-
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tained in the li ght incubator by pumping surface seawater through it . To obtain 
graded li ght intensiti es, screens of different mesh size have sometimes been used 
to attenuate the light. W e have used the K odak neutral-density filt er arrange-
ment (Fig. 1 ) . The amount of C'4 added to the samples of natural populations 
was generall y around 5 - 10 µcfml. Experimental time ranged between two 
and four hours. The filt ers were dried and counted immediately aboard ship 
or at the shore laboratory. 

Interpretation of Curves Showing the R elationship Between Light and Photo-
synthesis. The curve describing the relati onship between ii ght intensity and 
photosynthesis consists of two regions (Fig. 2): (i) where the photosynthetic 
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F igure 2 . Plausible photosynthetic l ight curves plotted in two different fash ions. 
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rate increases linearly with respect to light intensity; and (ii) where the photosyn-
thetic rate increases littl e or not at all with further increases in light intensity. 

The first region is called the region of light limitation, and the slope of the 
curve is indicative of the primary quantum effici ency3 of photosynthesis. This 
efficiency, which can be termed the rate of light reactions in photosynthesis, 
is expressed as 

RL = P/I, (1) 

where P is the rate of photosynthesis per unit of plant matter and I is the 
intensity of the radiation. 

The second region can be termed saturation. This is the maximum rate of 
photosynthesis (P max) and is limit ed by the rate of dark reactions (Ra): 

Ra = Pmax · 

The point Ik is determined by the intersection of extensions from the linear 
and region of saturation: 

(3) 

the units of Ik are generally those of the incident radiation, I. 
Changes in the environment (for example, temperature) may drastically 

change the magnitude of photosynthesis. For comparison, the experimenter 
may choose to normalize each curve with respect to the maximum rate of 
photosynthesis. In Fig. ?.., P / P max is plotted against I, and the curves are com-
pared without the distortion resulting from differences in the over-all magnitude 
of photosynthesis. Presentation of the data in this manner does not alter the 
Jk value; however, the slope of the curve in the region of light limitation is 
no longer indicative of the rate of light reactions since, instead of (3), 

I _ p max 
k - (Pmax/J)/P 

(4) 

The diagrams in Fig. 2 represent some plausible photosynthetic light rela-
tionships. For the sake of discussion, let us assume that we have compared 
photosynthesis to light intensity in two different environments, using the same 
organism. One environment has been termed optimal (0

) and the other sub-
optimal (') in terms of the total amount of photosynthesis that occurred. 

The first possibility in Fig. 2 shows that the change from the optimal to 
the suboptimal environment has lowered the light and dark reaction rates 
equally; that is, 

(5) 

3. In the true definition of quantum efficiency, the value I is the amount of light absorbed by the 

algal cells. 
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Note that there has been no change in hand that the two curves, when nor-
malized, are identical. 

The second possibility shows that the change from the optimal to the sub-
optimal environment has changed the dark reactions to a greater degree than 
the light reactions: 

(6) 

Note that the h has shifted toward lower intensi1ies, I, and that, when nor-
malized, the suboptimal curve has shifted to the left of the optimal curve. It 
should also be noted that a similar relationship exists when there is an increase 
in light reactions and littl e or no change in dark reactions. 

The third possibilty shows that the change from the optimal to the sub-
optimal environment has affected the li ght reactions to a greater degree than 
the dark reactions: 

Rd0 - R/ < RL0 - RL'. (7) 

Note that the h has now shifted toward high intensities, and that, when nor-
malized, the suboptimal curve has fallen to the right of the optimal curve. 

Keeping these possibilities in mind, three general rules can be applied in 
comparing normalized photosynthetic light curves. 

(i) With the curve of the suboptimal experiment identical to that of the 
optimal experiment (no shift in h), the light and dark reactions are affected 
equally. This rule was demonstrated by placing Nannochloris in complete 
darkness and periodically removing portions of the culture for photosynthetic 
measurement (Fig. 3). After 40 hours of darkness, the P max had decreased 
by about 50°/o, and after 65 hours by 75°/o. The h had changed very little; 
hence, when normalized, the curves were identical. Thus, prolonged darkness 
affected both light and dark reaction rates equally in this organism. Similar 
results were obtained for Dunaliel!a by Yentsch and Reichert ( 1 963). 

(ii) With the curve of the suboptimal experiment to the left of the curve of 
the optimal experiment (with Ik shifted toward lower intensiti es), then the 
dark reactions are affected to a greater degree, or the rate of the li ght reactions 
has increased. Examination of Fig. 4 shows that, with decreasing temperature, 
the total amount of photosynthesis decreases, and the Ik shifts toward lower 
intensities. The dark reactions are affected to a greater degree than the light 
reactions. When normalized, the suboptimal curve falls to the left of the optimal 
curve. The h decreases about l o 0 /o in the change from 20°C to 1 o°C, and about 
30° /o between l o°C and 5°C. In the lit erature there are numerous experiments 
in which suboptimal temperatures affected dark reactions to a greater degree 
than light reactions: Curl and McLeod (1961), Steemann Nielsen and Hansen 
(1961), Aruga (1965), Saijo and lchimura (1962). Moreover, dark reactions 
appear to be affected to a greater degree than li ght reactions in algae that are 
either nutrient deficient or CO2 defi cient, or both. (Rabinowitch 1951.) 
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Photosynthetic light curves for cultures grown in graded intensities also 
show that the major feature of the photosynthetic mechanism affected is the 
dark reaction. In Nannochloris (Fig. 5), the P max is 70°/o lower in cultures 
grown at 6,000 lux than in cultures grown at 25,000 lux. The curves, when 
normalized, shift to the left of the optimum value, indicating that the dark 
reactions have been affected to a greater degree. Similar results were obtained 
by J 0rgensen ( I 964). 

(iii) With the curve of the suboptimal experiment to the right of the curve 
of the optimal experiment (with h shifted toward higher intensities), the light 
reactions are affected to a greater degree than the dark reactions. An example 
of this type of response (Fig. 6) was observed by Steemann Nielsen (1962); 
this response occurred principally as a result of high temperature and high 
light intensity. 

This discussion of photosynthetic light curves has been included to factually 
support with experimental examples the plausible relationships shown in Fig. 2. 

The examples also show how specific features of the curve are affected by 
different environmental stresses and how the appearance of the curves is 
changed when data are normalized and plotted. In the discussion that follows, 
it will be apparent that the procedure of normalization of curves with respect 
to P max should be used cautiously when comparing the photosynthetic light 
responses of different organisms or populations. It is our impression that, at 
times, this procedure has presented a false impression of the responses of natural 
populations. 

The Case for Adaptation. The stage of photosynthesis that is most affected 
by changes in an environmental factor-such as temperature, nutrition, or 
the amount of light in which the plant is cultured-is the rate of the dark 
reactions. Most experiments show that a biochemical feature common to light 
and dark reactions is implicated; however, changes in the dark-reaction rate 
are accompanied by a comparatively smaller decline in the light-reaction rate. 
These combined changes cause a shift of Ik toward lower intensities; thus, the 
alga in a suboptimal environment reaches the lowered photosynthetic maximum 
at lower light intensities. Therefore, the two parameters-lowered maximum 
photosynthetic rate and lowered h-are characteristic of a photosynthetic 
light response to a physiologically inferior environment. It is emphasized that 
these same parameters have been utilized in describing the characteristics of shade 
and sun phytoplankton-the so-called adaptive process of planktonic algae. 

We may ask, is there a case for adaptation of photosynthetic processes in 
the euphotic zone comparable to that described in terrestrial situations? This 
is not the first time difficulties have arisen concerning the meaning of adapta-
tion. In I 929, Professor D. M. S. Watson, addressing the British Association, 
said: "There is no branch of zoology in which assumption has played a greater 
part or evidence a lesser part than in the study of adaptation." 
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An organism is "adapted" when it is better suited to its environment. Ob-
viously, adaptation to an environment implies relativity to some other environ-
ment. With this in mind, the conditions for phytoplankton near the base of 
the euphoti c zone in tropical or summer temperate oceans will be considered. 
If we say that the photosynthetic li ght response is indicati ve of shade plants, 
then in this interpretati on we mean that li ght reacti ons must be more effici ent 
in gathering in the few photons that are available at that depth. The curves 
shown in Fig. 7 are typical fo r planktonic algae in t ropical waters. The 10-m 
populati on receives about 7 5 ° /o of the surface li ght while the 7 5-m populati on 
receives only 10°/o. In terms of the h and the respirati on rate of the popula-
ti on indicated by the intercepts of curves on the X axis, the I o-m populati on 
is classifi ed as a "sun populati on," the 7 5-m as a "shade populati on" (Steemann 
Nielsen and Hansen 1959, Ryther and Menzel 1959). At li ght intensities 
below I ooo lux, the phytoplankton at 7 5 m fi xes carbon at a higher rate than 
those at Io m because the rate of dark respirati on is higher at Io m. However, 
if we assume that the I o-m depth is opti mal fo r phytoplanktonic growth, then 
the slope of P/ I shows that the rate of the li ght reacti ons of the 7 5-m popula-
tion is less, not greater, than that of the I o-m populati on. The 7 5-m curve 
can be interpreted to be the consequence of a populati on subjected to a sub-
optimal condition of lower li ght intensity, which is a condition similar to that 
in the graded-li ght experiment (Fig. 5). 

At times it has been observed that photosyntheti c light responses of algae 
at the bottom of the euphoti c zone are characteri zed by a very low rate of 
carbon fi xati on, which is saturated at the lowest intensiti es employed ( 200 lux). 
T his rate remains at this level or decreases sli ghtly with increasing li ght in-
tensity. In our opinion this cannot be call ed adaptati on, since an identical 
response can be obtained with an algal culture that has been kept in complete 
darkness for a long peri od of time; when the culture is removed from darkness, 
the rate of photosynthesis in different li ght intensiti es can be determined. 
W e explain this response as an inabilit y of the algae to maintain a high level 
of dark enzymes either at low li ght intensiti es or in the absence of li ght; thus 
there are so few enzymatic molecules present at the time of photosynthesis 
that even the lowest li ght intensiti es saturate the dark reactions. 

W e conclude that, in the case where phytoplankton (i ndicated by the 
measurement of chloroplasti c pigments) are li vi ng in the deeper regions of the 
euphoti c zone, adaptati on per se is more apparent than real. The photosyn-
theti c response to li ght observed in these situati ons probably resul ts from 
phytoplankton that are not physiologicall y " up-to-par." T his interpretation is 
supported by observati ons that there is an accumulati on of products of cellular 
chloroplastic decompositi on at the base of the euphotic zone (Y entsch and 
Menzel 1963, Yentsch 1965, 1966, L orenzen 1965, Holm-Hansen et a!. 1966). 

Another question now ari ses: is there a case fo r photosyntheti c adaptation 
anywhere in the phytoplanktonic environment ? The change in chlorophyll 
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mid-day and midnight. Redrawn from Yentsch and Scagel (1958). 

content is the most obvious response elicited by algae in different light regimes. 
In many algal cultures and natural populations of phytoplankton there appears 
to be a mechanism for regulating the chlorophyll content (Yentsch and Scagel 
1958). Although the process is complicated, the chlorophyll content of a 
particular alga is a balance between light intensity (photo-oxidation) and pig-
ment synthesis. It may be argued that, during midday, phytoplankton in surface 
waters adapt by reducing their chlorophyll content to prevent harmful photo-
oxidation. If the lowered chlorophyll content of surface phytoplankton is con-
sidered to be an adaptive feature, then the data in Fig. 8 indicate that surface 
phytoplankton would be sun phytoplankton during daylight and shade phyto-
plankton during the night; plants near the bottom of the euphotic zone would 
be termed shade phytoplankton both day and night; plants located midway 
between the two extremes would be given a mixed classification. In contrast 
to terrestri al environments, this would hardly be a usable or useful classi fica-
ti on for studies of phytoplankton. The euphotic zone is a unique phytosynthetic 
environment that is not comparable, in the adaptive sense, to terrestrial situa-
ti ons where plants remain fixed fo r considerable periods. Even in the euphoti c 
zone of the tropical oceans, the small amount of vertical mixing in the water 
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column throughout the year all ows only temporary enclaves of organisms at 
different depths. The response of organisms in these sit uati ons should be 
interpreted as physiological adjustment and not as " biological adaptation" in 
the true sense. 

The culture experiments show that the rate of the dark reacti ons is ex-
tremely sensiti ve to practicall y all the principal factors that influence the 
physiology of algae. Such factors as temperature change, nutritional defici ency, 
or the amount of li ght in which the plant is grown are manifested in the shift 
of the h value toward lower intensiti es. In Fig. 9, all avail able values for h 
and the maximum rate of photosynthesis per unit chlorophyll have been com-
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Table I. 
Situation 

NATURAL POPULATIONS 

I Tropical (general) ........... .. ... . . .. .. . 
2 Temperate, summer (general) .......... . . . 
3 Northern (general) no vertical stabilit y ... . . 
4 Arctic, summer ; temperate, winter ... . . .. . 
5 Trop. Atlantic, 10°N, 50°W . .... ........ . 
6 Trop. Atlantic, 10°N, 50°W . .. .. .. .. .... . 
7 Trop. Atlantic, 7°N, 50°W . . .... . ....... . 
8 Trop. Atlantic, 7°N, 50°W ........... . .. . 
9 Kuroshio area .. .. .... ... . ... ........... . 

10 Kuroshio area .. .. ............ .. . .. .. ... . 
11 Kuroshio area . . . .... ....... . .. .. . .... . . . 
I 2 Oyashio area ... .... .. . . . . .. . . . .... ..... . 
13 Oyashio area . . . . .. . ...... ....... ....... . 
I 4 Oyashio area . ................ .......... . 
15 Antarctic ice fl ora .... . .. . .............. . 
16 Antarctic ice fl ora ............ ........ .. . 
17 Antarctic phytoplankton ..... . . .. . . .... . . 
18 Lake Suwa (Japan) .. . .. ........... .... . 
19 Lake Akagi-Ono (Japan) ..... . . .. ... . ... . 
20 Lake Haruna (Japan) .............. ..... . 
21 Lake Suwa (Japan) ........ ... .... . .... . . 

CULTURE EXPERIMENTS 

22 Nannochloris atomus . ... .. . .. . ... . . . .... . . 
23 Nannochloris atomus ..................... . 
24 Nannochloris atomus .. .. . . . ....... ....... . 
25 Nannochloris alomus . . . ... . . . . .... ...•.... 
26 Chlorella ellipsoidea . ... ... . ........ . . .. . . 
2 7 Chlorella ellipsoidea ..................... . 
28 Chlorella ellipsoidea ....... ........ ...... . 
29 Chlorella ellipsoidea ..... . .. . ......... ... . 
30 Chlorella ellip soidea . . ................ ... . 
31 Chlorella ellipsoidea . ......... ........ . • .. 
32 Scenedesmus sp ... . .. .. . . . . . .. . . .. .. . .. .. . 
33 Scenedesmus sp ..... . .... . ... . .. . .. .. .. .. . 
34 Scenedesmus sp ..... .. . . . . ......... .. .. .. . 
35 Scenedesmus sp ... ............ .. .. ....... . 

PmgC/hr/mgChl 

Om 
Om 
Om 

10 m, 20°c 
75 m, 20°C 
10 m, 20°C 
75 m, 20°c 

Om 
20 m 
50m 

0 m, 20°c 
0 m, 8°C 
0 m, 8°C 

- l.5°C 
- l.6°C 

0 m, 8°C 
0.5 m, 2°C 

2 m, 2°C 
0.5 m, 2°C 

20°c 
10°c 
s0 c 
5°C 

30°c 
2s0 c 
20°c 
1s0 c 
10°c 
5°C 

30°c 
20°c 
10°c 
40°c 

8.0 
4.0-4.2 
2.9-3.4 
1.0-1.5 

4.0 
1.0 
3.0 
1.2 
1.3 
1.0 
0.5 
3.5 
1.8 
1.5 
0.4 
2.6 
2.3 
0.9 
0.8 
0.6 
0.4 

4.5 
3.3 
0.6 
0.4 
5.4 
4.6 
3.1 
2. 1 
1.8 
1.0 
5.0 
2.9 
1.0 
3.2 

h(lux) 

22,000 
11 ,000-12,000 
8,000-9,000 
2, 700-4,500 

8,000 
4,500 
8,000 
4,700 

10,000 
7,500 
4,500 

12,000 
9,000 
8,500 
3,000 
3,000 
6,000 
4,500 
4,000 
3,000 
2,000 

12,000 
9,000 
5,000 
3,000 

11,000 
9,000 
6,000 
3,500 
3,000 
2,500 
9,000 
5,000 
2,000 
4,500 

Reference 

Steemann Nielsen and Hansen (1959) 
Steemann Nielsen and Hansen (1959) 
Steemann Nielsen and Hansen (1959) 
Steemann Nielsen and Hansen (1959) 
Yentsch, unpublished 
Yentsch, unpublished 
Yentsch, unpublished 
Yentsch, unpublished 
Saijo and Ichimura (1962) 
Saijo and Ichimura (1962) 
Saijo and Ichimura (1962) 
Saij o and Ichimura (1962) 
Saijo and Ichimura (1962) 
Saij o and Ichimura (1962) 
Bunt (1964) 
Burkholder and Mandelli (1965) 
Burkholder and Mandell i (1965) 
Saijo and Sakamoto (1964) 
Saij o and Sakamoto (1964) 
Saijo and Sakamoto (1964) 
Saijo and Sakamoto (1964) 

Yentsch and Lee (1966) 
Yentsch and Lee ( 1966) 
Yentsch and Lee (1966) 
Yentsch and Lee (1966) 
Aruga (1965) 
A ruga (1965) 
Aruga (1965) 
A ruga (1965) 
Aruga (1965) 
Aruga (1965) 
Aruga (1965) 
Aruga (1965) 
Aruga (1965) 
Aruga (1965) 

w 
w 
+ 
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pared; the data are given in Table I. The dashed line in Fig. 9, fitted by eye to 
culture points, demonstrates a linear relationship between parameters. High values 
for lk and photosynthesis per unit chlorophyll are found in cultures grown at 
temperatures of about 20° C and at approximately 20,000 lux. Low values for 
h and photosynthesis per unit chlorophyll are found in cultures grown at low 
temperatures and at lower light intens;ty. When data for natural populations 
( 1-21) are plotted, the same pattern is obtained. Low ]k's and photosynthetic 
values are found in natural populations subjected to low temperature, low 
ambient light or both; high h's and photosynthesis are found in plants living 
at high temperatures in the surface waters of temperate and tropical oceans. 

Although there is considerable spread in the data, the linearity between 
these sets of data is interpreted to mean that the environmental stresses in 
nature affect natural populations of phytoplankton in the same manner as 
similar stresses affect the cultures. So, all or most photosynthetic "adaptative 
characteristics of phytoplankton" can be interpreted equally well from phys-
iological stress. Bunt (1964) reached the same conclusion concerning photo-
synthetic characteristics of antarctic algae. Although Steemann Nielsen and 
Hansen (1959) have concluded that cold-water algae must have more mole-
cules of enzyme to accomplish a photosynthetic feat comparable to that of 
shade algae in warm water, this now seems unlikely; the number of molecules 
of dark enzymes appears to be a function of both temperature and the amount 
of light received by the plant. In all probability arctic and antarctic algae 
receive more light in the summer than tropical plankton residing near the 
base of the euphotic zone. The low production of algae in the arctic regions 
during winter must result from the additive effects of low light and low tem-
perature, whereas in summer the low temperature in the arctic regions must 
be the principal factor. 
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