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Abstract Introduction 

Statements comparing photosynthetic performance 
characteristics of species rely upon empirical data, usually 
light-saturation curves (photosynthesis,P, versus incident- 
light flux-density, Io, relationships) derived from instan- 
taneous measurements. The specific comparative param- 
eters are initial slope and maximum photosynthesis, 
Pmax. For phytoplankton, diurnal variation in specific 
productivity at maximum incident light ,/max is typically 
asymmetrical, i.e., there is a morning maximum followed 
by an afternoon depression. Five seaweed species, num- 
erical dominants from the Outer Banks of North Carolina, 
were examined for patterns of diurnal photosynthetic 
performance in sunlight of habitat equivalence. These 
were Codiurn decorticatum (Woodw.) Howe and Ulva 
curvata (Kiitz.) De Toni in the Chlorophyceae, Dictyota 
dichotoma (Huds.) Lamour. and Petalonia fascia (0 .  F. 
Mi.ill.) Kiintze in the Phaeophyceae, and Gracilaria 
foliifera Forssk.) B~brg. in the Rhodophyceae. Diurnal 
patterns of oxygen exchange were varied, some sym- 
metrical about the midday axis, others asymmetrical, 
and were specific for (1) species, (2) derived habitat, (3) 
thallus absorptance (1-1/lo, where I is the transmitted 
light), (4) developmental stage, and (5) diurnal photo- 
synthetically active radiation (PAR) history. All species 
show a depression in oxygen exchange rates at less than 
0.1 /max, and show varying degrees of recovery when 
lo decreases from that value. Diurnal photosynthetic 
performance of some species at 0.03 Io (total diurnal 
maximum) exceeds several times that at 0.70 Io (total 
diurnal maximum), an observation not predicted by 
instantaneous measurements. Specific day-rate integrals 
of Io vary, producing transient initial slope and Pmax 
values. Thus, initial slope and Pmax values derived from 
instantaneous measurements in the laboratory bear little 
relationship to actual diurnal production. At this time 
there appears to be no substitute for direct measurement 
of diurnal photosynthesis. 

The design and application of equations for daily photo- 
synthetic production ultimately depend on empirical 
data. Since most of the variance in primary production is 
accounted for by variations in light (Platt et aL, 1977), 
such models usually incorporate a mathematical expres- 
sion for the "P versus I o carve" which expresses the 
dependence of photosynthetic rate on the incident-light 
flux-density. The general features of the P-I o curve are 
well known. At low light flux-density, the rate of photo- 
synthesis is linearly related to incident light. At suffi- 
ciently high flux-density, the rate of photosynthesis 
becomes independent of light flux-density, i.e., it satu- 
rates (/~ At light flux-density beyond saturation (Ik) , 
photosynthesis may decline, due, presumably, to photo- 
inhibition. 

There still appears to be some question about the sig- 
nificance of photoinhibition in natural algal populations 
(Kremer and Nixon, 1978). Early mathematical expres- 
sions for the P-lo curve did not take this phenomenon 
into account. Blackman (1905), followed by Baly (1935), 
and Smith (1936), proposed models in which the photo- 
synthetic rate leveled off above the saturating light 
flux-density. 

We owe the first mathematical treatment of photo- 
inhibition to Steele (1962). His equation adequately 
expressed the main characteristics of the P-I o curve and 
has been fruitfully applied to a general model of plankton 
dynamics (Kremer and Nixon, 1978). The closeness of 
fit to experimental data was improved by Parker (1974) 
who introduced an additional fitting parameter (Parker's 
c 0 into Steele's equation. Another approach was that of 
Vollenweider (1965), who modified the equation of 
Smith by introducing two free parameters (Vollenweider's 
a and n). His equation is capable of describing a wide 
variety of P-1 o curves, which is not surprising in view of 
the number of free parameters. The properties of this 
model, with varying types and degrees of photoinhibition 
have been elaborated upon by Fee (1969). Jassbyand 
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Platt (1976) have explicitly compared the adequacy of 
several mathematical formulations of the P~o curve, 
including those of Blackman, Baly, Smith, and Steele, 
for describing experimental data from natural marine 
phytoplankton populations up to light saturation. 

Modifications of the original models have largely con- 
sisted of adding free parameters in order to improve the 
fit to empirical data. This approach has two major draw- 
backs: (1)the resulting equations are difficult to integrate 
over depth and time for estimates of daily production, 
and (2) some of the introduced parameters, unlike Pmax 
for example, have no meaningful biological interpretation. 
Part of the difficulty of incorporating photoinhibition 
into productivity models is due to our poor under- 
standing of the fundamental biochemical mechanisms 
involved. 

Another aspect which has received scant attention in 
productivity models is the fact that P-Io curves and, thus, 
the parameters used to characterize them, are variable in 
space and time. They are influenced by light history, 
nutrient availability, temperature, diurnal rhythms in 
photosynthetic capacity, and physiological adaptation to 
short-term fluctuations in the environment (Ptatt et al., 
1977). In view of the variability of Pmax, Bannister 
(1974) attempted to simplify the earlier productivity 
models of Steele (1962) and Vollenweider (1965) by 
replacing this parameter by the initial slope of the P-[o 
curve, which he thought to be more nearly constant. 
However, it has recently been shown for phytoplankton 
that initial slope (as well as Pmax) varies seasonally (Platt 
and Jassby, 1976) and with time of day (MacCaull and 
Platt, 1977). Thus, the simplifying assumption of 
Bannister would not seem justified. 

The values for Pmax and initial slope determined by 
instantaneous measurement must be viewed as transient. 
As such, they are unsuitable for use in the integrated 
forms of equations for daily production. Typically, in 
laboratory determinations of P-Io curves, samples of 
phytoplankton which have been previously maintained 
in the dark or in weak light are exposed to increasing 
flux-density during the measurement of photosynthetic 
rates. Phytoplankton maintained at saturating light flux- 
density are seldom used in such determinations. Yet, it 
has been shown that the P-Io curve obtained is affected 
by the flux-density to which the phytoplankton have 
been acclimated (Platt and Jassby, 1976). It is therefore 
to be expected that P-Io curves for phytoplankton main- 
tained at different light flux-density will yield different 
values for Pmax and initial slope. Since light is more 
variable in the course of a day than on an annual basis, 
this fact has important implications for daily production. 

Diurnal measurements of photosynthetic perform- 
ance in phytoplankton have been made using either 
continuous or semicontinuous monitoring (Harris, 1973; 
Marra, 1978). The pattern of diurnal photosynthesis in 
b~th laboratory and field studies shows an asymmetry 
which is particularly pronounced at the surface on clear 
days. Typically, photosynthesis is maximal in the morn- 
ing and decreases in the afternoon. Light saturation 
occurs early in the day as the sun begins its course to the 

zenith. At the surface, this results in about 70% of the 
total daily photosynthesis being carried out during the 
first half of the day (Parsons et al., 1977). 

In addition to photoinhibition, other causes of the 
asymmetry may be the intrinsic diel rhythm in photo- 
synthetic capacity first described by Doty and Oguri 
(t957) and photorespiration. The most frequently 
observed pattern in phytoplankton (Sournia, 1974)is 
a maximum in photosynthetic capacity in the late 
morning and a minimum in the early evening. No attempt 
has been made to incorporate this circadian rhythm into 
a model for daily production. 

In the laboratory, diurnal photosynthetic performance 
in phytoplankton has been measured under idealized 
steady-state light regimes (Marra, 1978; Harris and Lott, 
1973) where light is varied as a cosine function of time 
and equal flux-densRy doses are administered in succes- 
sive experiments. Some measurements have been made 
for light regimes which fluctuated according to a pre-set 
pattern (Marra, 1978). Under natural conditions, diurnal 
isolation on successive days is unequal and unpredictable. 

Although many instantaneous determinations ofP-I o 
curves have been made for seaweeds (e.g. Kanwisher, 
1966), there have been few measurements of diurnal 
photosynthesis (e.g. Hatcher et al., 1977). On the basis 
of what is known about phytoplankton, we predicted 
that net diurnal photosynthesis in seaweeds would vary 
as a function of (1) the PAR flux-density, (2) the pattern 
(cosine function or fluctuating) of the flux-density 
supplied, (3) the light habitat (high to low flux-density) 
from which the seaweed originated, and (4) the develop- 
mental stage (juvenile or mature) of the seaweed. 

In order to test these predictions, we carried out a 
series of measurements of diurnal photosynthesis using 5 
species of seaweeds which are numerically dominant in 
the waters of the Outer Banks of North Carolina. We 
sought to determine: (1) whether or not there were dis- 
crete diurnal patterns in photosynthetic performance, 
(2) whether such patterns were predictable, (3) the rela- 
tionship of the derived P-Io curves to diurnal photosyn- 
thetic performance, and (4) the utility of instantaneously 
derived Pmax and initial slope values for the prediction 
of daily production. 

Materials and Methods 

The 5 species used in the experiments were selected to 
represent the 3 taxonomic divisions of seaweeds. They 
were Codium decorticatum (Woodw.) Howe and Ulva 
curvata (Kiitz.) DeToni in the Clorophyceae, Dictyota 
dichotoma (Huds.) Lamour. and Petalonia fascia (0. F: 
Miill.) Kiintze in the Phaeophyceae, and Graeilaria 
foliifera (Forssk.) B~brg. in the Rhodophyceae. C decor- 
ticaturn and G. foliifera are opticaUy opaque, U. curvata 
is optically translucent, whereas, D. dichotoma and P. 
fascia are intermediate between the two extremes. 

The light regime was the natural one on the day that 
each measurement was carried out. Incident light was 
monitored continuously with a Licor 193S spherical 



J. Ramus and G. Rosenberg: Diurnal Photosynthesis in Seaweeds 

50 
Cod/urn 

40 8 

20 4 

I0 ~ 2 
o 
cc 

C . . . . .  0 ~  

160 ~ ~i~i: ~ ..... !f.~!::'~:.,.: ...... D1clyoto 8 ~ 

120 6 

80 4 

4O 2 

0 :~2 0 

o ib 12 
h 

Fig. 1. Codium decorticatum and Dietyota diehotoma. Diurnal 
photosynthetic performance (Pn, in moles 02 evolved mole -1 
chlorophyll a h -a ) for plants from two light habitats (open 
circles: sun plants; filled circles: shade plants) at 0.70 I o. Diurnal 
Pn for sun plants is 1.83 times greater than for shade plants in 
C. deeorticatum and 2.1 times greater in D. diehotoma. Stippled 
area: incident light (4~r PAR Io), in E m -2 h -1 . Abscissa shows 
hours after sunrise (h) 

(approaching 4~T) quantum sensor which provided input 
to a Licor Model 550 printing integrator. Only photo- 
synthetically active radiation (PAR, 400 to 700 nm) 
was measured. 

The seaweeds were incubated in standard biological 
oxygen demand bottles. Photosynthetic rates (expressed 
as moles O: evolved mole -1 chlorophyll a h -1) were 
determined by measuring the change in dissolved oxygen 
at hourly intervals, using a Clark-type polarographic 
electrode (Yellow Springs Instruments Model 5750) with 
a YSI Model 57 oxygen meter. During oxygen measure- 
ments, stirring was provided by a magnetic bar driven 
by a Tri-R Ms-7 battery-powered submersible stirrer. 
After each hourly incubation, the samples were trans- 
ferred to freshly filtered seawater in order to minimize 
bottle effects. 

The bottles were incubated outdoors in a glass tank 
provided with circulating seawater at the ambient tem- 
perature. The seawater surrounding the bottles had the 
effect of  reducing the measured incident light (Io) to 
70% of its initial value. This is equivalent to the amount 
of  light the seaweeds would experience in exposed inter- 
tidal habitats. For some measurements, the incident light 
was attenuated to 0.03 and 0.13 Io with neutral-density 
filters constructed of  fiberglass screening wrapped around 

23 

the bottles containing the seaweeds. The contents o f  the 
bottles were continuously mixed by bars turned by 
water-driven magnetic stirrers. Measurements of  dissolved 
oxygen were made at hourly intervals from sunrise to 
sunset. 

Chlorophyll a was extracted from fresh tissue by 
breaking the tissue in 90% acetone in a chilled Ten Broeck 
hand tissue homogenizer in the presence of  trace quanti- 
ties of  MgCO3. The homogenate was then allowed to 
extract at - 5  ~ for 30 min. Following centrifugation, 
the pellet was extracted again in order to release any 
residual pigment. The chlorophyll a concentration was 
calculated from the equations of  Jeffrey and Humphrey 
(1975). 

Thallus absorptance was determined with a calibrated 
Optronic Laboratories Model 740 scanning spectro- 
radiometer system. The use of  this device is described in 
Ramus (1978). Absorptance (~), that fraction of  incident 
light absorbed, was calculated as 1-I/I o where Io = inci- 
dent PAR and I = transmitted PAR. 

Growth was measured throughout the fall of  1978 in 
all species except Petalonia fascia. Two methods were 
employed. In the first, the plants were placed in Plexiglas 
"aquatubes" and suspended in situ from the surface at 
1 m intervals. Plastic screening at each end of  the tube 
allowed water to circulate through the tubes. The light 
attenuation of  the water column was measured using a 
Licor spherical quantum sensor. After 1 week, the plants 
were removed, blotted, and weighed. Growth was ex- 
pressed as the relative growth rate, h, in g week -1 g-1 
fresh weight. Alternatively, the plants were incubated 
for 1 week in outdoor running seawater tanks in which 
light flux-density was varied using neutral-density filters. 
Sun plants received incident light at greater than 0.35 Io,  
while shade plants received less than 0.18 I o. Growth 
measurements for all species were made on at least two, 
and usually three, occasions. 

Results 

Effect of  Light Habitat 

Curves of  diurnal net photosynthetic performance were 
produced for Codium decorticatum taken from high and 
low light (sun and shade) habitats. The medullary 
tissue of  sun plants was filled with gas. The role of  this 
adaptation in reflecting incident light has been demon- 
strated by Ramus (1978). The medulla of  shade plants 
was not gas-filled. Integrated photosynthetic performance 
curves for net diurnal production (diurnal Pn) are shown 
in Fig. I. Both sun and shade plants received 0.70 Io 
during the measurements. There was a marked asymmetry 
about the time of  the sun's zenith for the curves for 
C. decorticatum from both habitats. Photosynthetic 
rate was maximal late in the morning and showed a 
decline in the afternoon, which was more pronounced 
for shade plants (Fig. 1). The total net diurnal produc- 
tion for the sun plants was almost twice that of  the 
shade plants (Fig. 1). 
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Fig. 2. Ulva curvata. Diurnal net photosynthetic performance 
(Pn, in moles O~ evolved mole -1 chlorophyll a h -1 ) when (a) 
the maximum incident-light flux-density occurred in the morn- 
ing, and (b) the maximum occurred in the afternoon. Filled 
circles: Pn at 0.03 Io; open circles: Pn at 0.70 1 o. Stippled area: 
incident light (41r PAR Io), in E m -2 h -~ . Abscissa shows hours 
after sunrise (h) 
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Fig. 3. Dictyota diehotoma. Diurnal net photosynthetic perfor- 
mance (Pn, in moles 02 evolved mole -1 chlorophyll a h- '  ) for 
juvenile and mature plants. Filled circles: Pn at 0.13 Io; open 
circles: Pn at 0.70 I o. Diurnal Pn for mature plants at 0.70 10 
was 1.8 times greater than for juvenile plants. Stippled area: 
incident light (47r PAR [o), in E m -2 h -' . Abscissa shows hours 
after sunrise (h) 

Table 1. Coclium decorticatum and Ulva curvata. Net diurnal 
photosynthesis (Pn), in moles O 2 evolved mole -1 chlorophyll 
a. Incident diurnal photosynthetically active radiation (lo), 
in E m -~ , is also shown 

Species Io Pn at Pn at Pn ratio 
0.03 1 o 0.70 Io 0.03 Io 

0.701 o 

C. decorticatum 
Sun 44.6 209.7 234.7 0.89 
Shade 50.0 242.0 297.8 0.81 

U. curvata 
Sun 44.6 780.7 2307.6 0.34 
Shade 50.0 1105.6 2582.2 0.43 

Diurnal  pho tosyn the t i c  performance for Dictyota 
diehotoma collected from a marsh and from the inter-  
tidal also showed significant differences (Fig. 1). The 
light f lux-densi ty which  the seaweeds had experienced in 
the salt marsh was considerably higher than  at the inter-  
tidal site, where the plants were shaded by  an adjacent  
sea wall and  pier. The plants received 0.70 Io during 
the measurements .  

The same pat tern  of  asymmetry  was again noted .  
Comparing Dictyota dichotoma from the two habitats ,  
Pmax was lower and the midday  depression was more 
p ronounced  in the shade plants.  Total  net  diurnal  pro- 
duc t ion  in the shade plants was only  about  half  that  of  
the D. dichotoma collected from the salt marsh (Fig. 1). 

Effect o f  Thallus Archi tecture 

Al though Codiurn decorticatum and Ulva curvata are 
bo th  in the Chlorophyta  and share in c o m m o n  a suite o f  
an tenna  pigments,  save s iphonein and s iphonoxanth in  
in the former,  the two species differ radically in their 
thallus architecture (Ramus,  1978). C. decorticatum is 
a s iphonous form with a branched cylindrical  axis 3 to 
4 m m  in diameter  and is optically opaque (mean absorp- 
tance = 0.98),  whereas U. eurvata consists o f  a sheet 
on ly  two cell-layers thick and is optically t ranslucent  
(mean absorptance = 0.43).  

Total  net  diurnal  photosynthesis  in Codium decorti- 
catum exposed to 0.03 and 0.70 Io was always con- 
siderably less than  in Ulva curvata under  the same condi-  
t ions (Table 1). However, there was much  less difference 
in the performance of  C. deeorticatum between  the low 
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recovery from its effects was not as complete. This 
resulted in a lower total net diurnal production since, on 
a cloudless day, most of the total daily photosynthesis is 
carried out during the morning. 

Effect of Developmental Stage 

The pattern of diurnal photosynthetic performance may 
change in the course of ontogeny. Diurnal photosyn- 
thesis was measured for both juvenile and mature 
plants of Dictyota dichotoma taken from the same light 
habitat (Fig. 3) at both 0.13 and 0.70 Io. A midday 
depression occurred in both developmental stages at 
0.70 Io. However, while the mature plants recovered in 
the afternoon, the juvenile plants did not. This enhanced 
recovery in the mature plants, together with their some- 
what higher Pmax, resulted in a total net diurnal produc- 
tion that was almost twice as high as that of the juvenile 
plants. Plants maintained at 0.13 Io showed no indica- 
tion of depressed oxygen exchange rates, and little dif- 
ference was evident at this light flux-density between 
the net diurnal performance of juvenile and mature plants. 

Effect of Total Diurnal Light Flux-Density 

Fig. 4. Gracilaria foliifera. Diurnal net photosynthetic perform- 
ance (Pn, in moles 02 evolved mole - t  chlorophyll a h -1 ) on a 
day of (a) minimum insolation and (b) moderately high insola- 
tion. Filled circles: Pn at 0.03 Io; open circles: Pn at 0.70 I o. 
In (b), diurnal Pn at 0.03 I o was 2.1 times that at 0.70 I o. 
Stippled area: incident light (4rr PAR Io), in E m -2 h -1 . Abscissa 
shows hours after sunrise (h) 

and high light environments than for U. curvata, the 
difference being only 11 to 19% for the former and 
57 to 66% for the latter. C. decorticatum photosynthesis 
light-saturates at a lower value than U. curvata; further, 
the initial slope of C. decorticatum is steep whereas 
that of U. eurvata is extended. It has been suggested that 
this is a consequence of the relative quantum capture- 
capacities of the two genera (Ramus, 1978). 

Effects of Temporal Pattern of Light Flux-Density 

Depending on cloudiness and local weather conditions, 
the maximum in the curve of incident light flux-density 
may occur in either the morning or the afternoon, rather 
than at the time of the sun's zenith. This will in turn 
affect the pattern of diurnal net photosynthetic perform- 
ance. 

During a morning light flux-density maximum (Fig. 
2a), a depression in oxygen exchange rate in Ulva 
eurvata occurred early in the day. However, with de- 
creased light flux-density in the afternoon, recovery 
from the depression was almost complete. On the other 
hand, when the light maximum was in the afternoon 
(Fig. 2b), the depression occurred much later and 

The light flux-density to which a seaweed has previously 
been exposed can affect the subsequent time-course of 
photosynthetic adaptation. This is shown in the curves 
of diurnal photosynthetic performance for Gracilaria 
foliifera maintained at 0.03 and 0.70 I o. In the plants 
exposed to high light flux-density, 0.70 1 o (Fig. 4b), a 
depression in oxygen exchange rate occurred early in the 
day and recovery was very poor. On the other hand, at 
0.03 Io,  light saturation did not occur and the Pmax 
was 1.6 times higher than at 0.70 Io (Fig. 4b). 

This suggests that, in Gracilaria foliifera, adaptation 
to low light flux-density can occur on a time scale of 
half a day. The diurnal pattern that results is very dif- 
ferent, since the photosynthetic peak at 0.03 Io occurs 
in the mid-afternoon. This marked asymmetry in the 
photosynthetic curves for G. foliifera occurred even 
though the supply of incident light was symmetrical 
about midday (Fig. 4b). Surprisingly, total net diurnal 
production at 0.03 1 o was actually over two times higher 
than at 0.70 Io! G. foliifera, the most light-sensitive of 
the species studied, experienced an oxygen exchange 
rate depression even on days of minimal insolation 
(Fig. 4a). 

Interspecific Comparisons 

Values of total net diurnal production measured at 0.03, 
0.13, and 0.70 Io are given for the 5 experimental species 
in Table 2. Since total daily irradiance varied (from 7.8 
to 50 E m -2) on the dates of the experiments, it is not 
possible to establish a simultaneous comparison of the 
photosynthetic performances of all 5 species. Neverthe- 
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Table 2. Summary data of net diurnal photosynthesis (Pn, in 
moles O 2 evolved mole -~ chlorophyll a) for all seaweed species 
examined, arranged in order of increasing thallus absorptance. 
Incident diurnal photosynthetically active radiation (I o) is in 
E m -~ . Each line represents diurnal performance of an individual 
on a particular day. Dashes indicate no data 

Species and a(mean Io Pn at Pn at Pn at 
absorptance ) 0.03 1 o 0.13 I o 0.701 o 

Ulva curvam (0.43) 
Sun 44.0 - - 1210.4 
Sun 44.6 780.7 - 2307.6 
Shade 50.0 1105.6 - 2582.2 
Shade 37.8 524.2 - 878.6 

Petalonia fascia (0.54) 
Juvenile 7.8 217.3 - 827.9 
Mature 7.9 151.8 - 691.4 

Dictyota diehotoma (0.72) 
Sun 49.4 - - 1018.0 
Shade 49.4 - - 518.9 
Juvenile 44.8 491.5 331.9 
Mature 44.8 - 540.1 595.8 

GraeilaHafo~ifera(0.84) 
Shade 37.8 885.1 - 429.9 
Sun 7.8 275.2 - 894.3 
Shade 7.8 321.1 - 935.1 

Co~umdeeordeatum (0.98) 
Sun 44.0 - - 348.4 
Shade 44.0 - - 188.4 
Sun 44.6 209.7 - 234.7 
Shade 50.0 121.0 - 148.9 
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Fig. 5. Dietyota dichotoma. Pn versus I o curve for juveniles, re- 
plotted from data of Fig. 3. Filled circles: Pn at 0.13 Io; open 
circles: Pn at 0.70 1 o. Sequence of measurements of photo- 
synthetic rate at succeeding hourly intervals from sunrise to 
sunset on the day of the experiment is indicated by arrowheads. 
Net photosynthesis (Pn) is in moles 02 evolved mole -~ chloro- 
phyll a h -a , and incident light (4~r PAR 1 o) is in E m -2 h -~ 

aAbsorptance = that fraction of incident light absorbed, cal- 
culated as 1-I/Io, where I o = incident PAR and I = transmitted 
PAR 

Table 3. Summary of growth data for 4 of the species of 
seaweeds studied, h is relative growth rate expressed as g week -a 
g-1 fresh weight -+ cr 

Species n h 

Shade Sun Shade:Sun 

Codium 
decortieatum 

12 0.331 +_ 0.066 0.379 + 0.126 0.87 
Dictyota 

dichotoma 12 0.164 +- 0.145 0.508 -+ 0.255 0.32 
Ulva curvata 23 0.151 -+ 0.086 0.971 -+ 0.580 0.16 
Gracilaria 
foliifera 23 0.065 -+ 0.029 0.249 -+ 0.091 0.26 

occurrence o f  all three divisions at all depths above the 
compensa t ion  point  (Crossett  et al., 1965). 

I f  g rowth  were simply equal  to net  photosynthes is  
integrated over t ime,  then  we would  expec t  the  growth  
data (Table 3) to show the  same ordering.  This was no t  
the case. At  high light f lux-densi ty ,  the growth rates in 
Dictyota dichotoma and Ulva curvata exceeded those in 
the opt ical ly  more  opaque  Codium decorticatum and 
Gracilaria foliifera. At low light f lux-densi ty ,  on  the  
o ther  hand,  the  growth  rate o f  C. decorticatum was 
highest  (0.87 t imes the growth rate in sun plants). This 
is another  ref lect ion o f  C. decorticatum's ext raord inary  
l ight-trapping abili ty.  Growth  rates in sun plants ranged 
f rom 0.249 g week -1 g-1 fresh weight  in G. foliifera 
to 0.971 g week  -1 g -1  in U. curvata (Table 3). 

Pn-lo Curves f rom Diurnal  Photosynthesis  Data 

less, there  are indicat ions that  net  diurnal photosynthes is  
is greater in Ulva curvata, Gracilaria foliifera and 
Petalonia fascia than  it is in Codium decorticatum and 
Dictyota dichotoma. Diurnal  Pn at 0.70 Io ranged f rom 
149 moles 02 evolved mole  -1 ch lorophyl l  a in C. decor- 
ticatum to 2582 moles  02 evolved mole  -1 ch lorophyl l  
a in U. curvata (Table 2). There does no t  appear to  be 
any corre la t ion be tween  t a x o n o m i c  division and diurnal 
pho tosyn the t i c  pe r fo rmance  at d i f ferent  l ight f lux-den- 
sities. This is no t  surprising in view of  the  ub iqu i tous  

There is an analogy be tween  the way in which  Pn-I o 
curves are de te rmined  in the  labora tory  and the daily 
course o f  changes in light f lux-densi ty .  The photosyn-  
thet ic  per formance  curves o f  Figs. 1 - 4  can be replo t ted  
as curves o f  Pn versus Io using the daily light f lux-den- 
sity records.  An example  o f  such a plot  is shown in Fig. 
5, using the data f rom Fig. 3 (juveniles). 

Each curve o f  pho tosyn the t i c  per formance  at 0.03 
and 0.70 Io will yield two Pn-Io curves: one for the 
increasing light f lux-densi ty  preceding local noon  and 
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one for the decrease which follows. It should be borne 
in mind that these plots are not classic Pn-lo curves of 
the type customarily generated in the laboratory. Never- 
theless, we expect that if the assumption of constant 
Pmax and initial slope (for a particular day) is justified, 
then these two curves should be more or less congruent 
at either low (0.03 Io) or high (0.70 Io) light flux-den- 
sity. That this is usually far from being the case indicates 
that, during the day, the values of these two parameters 
are subject to change. 

The ranges for Pmax and initial slope in the 5 species 
of seaweeds used in our experiments are subject to 
similar degrees of variance. In Pn-lo curves, such as 
Fig. 5, the depression in the oxygen exchange rate is 
reflected in the downward deflection of the upper curve 
before the light flux-density reaches a maximum. Recov- 
ery is shown by the upward deflection which just pre- 
cedes the general decrease in light flux-density approach- 
ing sunset. The position of the morning Pn-Io curve 
with respect to the afternoon curve reflects the asym- 
metry of the original curve of diurnal photosynthetic 
performance. 

Discussion 

In general, the observed pattern of diurnal photosyn- 
thetic performance on moderately bright days is asym- 
metrical for Codium decorticatum, Dictyota dichotoma, 
Ulva curvata, Gracilaria foliifera and Petalonia fascia. 
There is a morning maximum, followed by an afternoon 
depression, with a late afternoon recovery. This is the 
same pattern which is found in phytoplankton popula- 
tions (Vollenweider and Nauwerck, 1961; Harris and 
Lott, 1973; Jassby, 1978; Marra, 1978). 

We have observed what is commonly interpreted as 
photoinhibition of seaweed photosynthesis both in 
instantaneous laboratory and in situ measurements 
(Ramus et aL, 1976). The afternoon depression in oxygen 
exchange rates may be due to a number of factors, 
including photoinhibition, photorespiration, a circadian 
periodicity in photosynthetic capacity and an increase 
in "dark" respiration. The consensus of plant physiolo- 
gists who participated in the Great Barrier Reef Photo- 
respiration Expedition was that "photorespiratory me- 
tabolism via the glycollate pathway is a significant com- 
ponent of photosynthetic carbon flux in marine plants 
of tropical.waters under natural conditions" (Tolbert 
and Osmond, 1976). Circadian rhythms of chloroplast 
orientation and photosynthetic capacity have been docu- 
mented for seaweeds (Vanden Driessche, 1966; Britz 
and Briggs, 1976). Finally, Jassby (1978) has suggested 
that the afternoon depression in oxygen exchange rates 
may be due to a build-up of photosynthates, thus 
stimulating "dark" respiration. The late-afternoon re- 
covery which we observed in our experiments indicates 
that the depression is transient and reversible, whatever 
its biochemical or physiological basis. 

On cloudy days, when light saturation does not occur, 
the curve Of diurnal photosynthetic performance 

approaches symmetry about the time of the sun's zenith. 
Surprisingly, as has been shown in the case of Gracilaria 
foliifera, such seemingly adverse conditions (I = 0.03 Io) 
may yield a total net diurnal production even higher 
than that measured on sunny days. 

It is interesting to note that the incident-light flux- 
density at which saturation occurs is less than 1 E m -2 
h -1 for all 5 species used in our experiments. Yet, all 
of these seaweeds commonly occur where Io typically 
reaches 8 E m -2 h -I. Therefore, in most intertidal 
habitats, the afternoon depression in net photosynthesis 
must occur, since I k is estimated to be less than 0.1 I o 
for all of the species examined. 

The asymmetry in the pattern of diurnal photosyn- 
thesis leads to the conclusion that is not possible to 
predict daily production by selecting a particular time 
period in the day over which to measure productivity, 
as Vollenweider (1965) has suggested. For the mathe- 
matical formulations of this problem, it would be more 
appropriate to use averaged P-I o curves rather than the 
instantaneous curves determined in the laboratory. 
Even so, it would still be necessary to account for seasonal 
variations in the photosynthetic parameters Pmax and the 
initial slope. 

Our results generally support the conclusions of Platt 
and Jassby (1976) and MacCaull and Platt (1977), who 
have called attention to seasonal and circadian variations 
in Pmax and the initial slope. Variation in Pmax has 
long been associated with the dark reactions of photo- 
synthesis (Yentsch and Lee, 1966). The initial slope was 
originally thought to be less variable (Bannister, 1974), 
since it reflected the quantum yield (moles C fixed per 
mole of quanta absorbed) of the light reactions. We did 
not measure quantum yield in situ, i.e., we did not con- 
tinuously monitor absorptance in the field-it is seldom 
done due to the technical difficulties involved. However, 
our measurements show that the absorptance of an 
individual seaweed does not change significantly in the 
course of a solar day. Therefore, photosynthesis at light 
flux-density less than Ik is proportional to the initial 
slope (quantum yield). We conclude that initial slope 
is variable in the seaweeds tested, primarily as a function 
of the duration of light flux-density at or above I k (see 
for example Fig. 5). Moreover, as P l a t t e t  al. (1977) 
have pointed out, even if the initial slope did depend 
solely on quantum yield, the variable metabolic demands 
made on photosynthetically-produced adenosine triphos- 
phate could still result in a variable quantum yield under 
natural conditions. 

There are many difficulties in designing an empirically 
accurate equation for the prediction of gross daily photo- 
synthesis. The mathematical descriptions of photo- 
inhibition, circadian periodicity in photosynthetic 
capacity, and physiological adaptation all present special 
problems of their own. In the absence of complete 
understanding at the biochemical level, empirically- 
derived fitting parameters devoid of biological meaning 
have served to plug the gaps in the equations. Jassby 
(1978) has crystallized the current malaise. "It is im- 
possible," he concludes, "to derive the diel pattern of 
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photosynthesis from an (instantaneous) light saturation 
curve . . .  There is no substitute for direct measurement 
(of this pattern)". 

This is particularly distressing to the physiologist, but 
it need not be so for the production ecologist. For 
example, Platt et al. (1977) have proposed fitting dif- 
ferent simple mathematical functions to the different 
regions of the P-Io curve, with the principal criterion 
being closeness of fit to experimental data rather than 
physiological fidelity. This type of approach has been 
successfully applied to calculating the daily production 
of the brown seaweedsAscophyllum nodosum and Fucus 
vesiculosus (Brinkhuis, 1977). In general, seaweeds lend 
themselves nicely to the testing of production models 
since, unlike phytoplankton,  they grow attached to the 
substratum and usually occur in a discrete light habitat. 

Total net diurnal production, as reported herein, is a 
much more satisfactory measure of photosynthetic 
performance than net production measured in an interval 
of several hours around midday (e.g. Littler and Murray, 
1974). Based solely on this data, however, it is not 
possible to establish a hierarchy of competitive domin- 
ance. This depends on the ability of the competing sea- 
weeds to occupy limited primary space (Ramus, 1978) 
which is, in turn, a function of their growth rates and 
strategies (i.e., timing of growth). The relationship 
between daily net production and growth, which can 
both be measured directly on the same time scale, is 
thus a matter deserving of the attention of seaweed 
ecologists. 
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