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ABSTRACT: Light absorption by phytoplankton and the parameters of the photosynthesis-light curve 
were measured in the NW Indian Ocean in January to February 1993. The light absorption character- 
istics of phytoplankton show some regional differences, probably reflecting changes in the phyto- 
plankton population. cyanobacteria (Synecl~ococcus spp.)  were present in all 3 regions and dominated 
the phytoplankton biomass in the Somali Current area,  prochlorophytes were mainly confined to sam- 
ples from the Somali Current area; and larger algal species, including diatoms, were found in the Red 
Sea and Gulf of Aden The initial slope aH and the assimilation number PLof the photosynthesis-light 
curve had dynamic ranges of 3.7 and 3.9, respect~vely, and appeared to be correlated with environ- 
mental CO-vanables such as nutrient concentrations and ambient light levels as well as phytoplankton 
absorption in the blue and red parts of the spectrum. Even though the sampling was confined to the 
mixed layer, thert. was some evidence of photoadaptation, suggesting that the rate of vertical mixing in 
the mixed layer was rather slow, compared with photoadaptation rates. The quantum yield of photo- 
synthesis varied over a factor of 6 ,  and was correlated with relative changes in absorption in the blue 
and red parts of the spectrum. The implications of these results for computation of primary production 
using photosynthesis-light models are  discussed, with special reference to applications of remotely 
sensed data on ocean colour. 
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INTRODUCTION 

The NW Indian Ocean, with its seasonally reversing 
patterns in winds and currents, is known to exhibit 
dramatic, temporal and spatial variations in the dis- 
tribution of phytoplankton biomass and productivity 
(Yentsch 1965, Banse & McClain 1986, Brock et al. 
1991, Sathyendranath et  al. 1991). 

Our ability to model the primary productivity in 
this region, using light-dependent models of photo- 
synthesis and satellite-derived data on phytoplankton 
biomass, is limited by lack of information on the photo- 
synthetic characteristics (parameters of the photosyn- 

thesis-light, or the P-I, curve) of the phytoplankton 
populations here (Brock et al. 1994). Even though we 
know very little about these parameters for the Indian 
Ocean region, there are, nevertheless, some indica- 
tions that changes in these physiological parameters in 
response to the availability of nutrients could play a 
more central role in the generation of blooms there 
than in the initiation of spring blooms in the N Atlantic 
(Sathyendranath & Platt 1994). 

Another property of phytoplankton relevant to com- 
putations of water-column primary production is the 
absorption coefficient. The characteristics of light 
absorption by phytoplankton can be used to improve 
regional models of light transmission for use in primary 
production models. These properties are also required 
in the implementation of models of photosynthesis 
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based on absorbed light rather than ava~lable l ~ g h t  40 

(Kiefer & Mitchell 1983, Bidigare et  al. 1987, h9larra & 
Heinemann 1987, Bidigare et al. 1992). In addition, 
variations in the specific absorption coefficient of 

ARABIA 
phytoplankton affect the relationship between ocean 
colour and phytoplankton biomass. Therefore, local ? f )  20 

information, on absorption characteristics of phyto- 
plankton can be used to develop regional models of 
ocean colo'ur for application in algorithms for retr~eval 
of phytoplankton b~omass from rem.otely sensed data. 

Models of primary production based on absorbed 
light also require information on the maximum 
realised quantum yield of photosynthesis, a quantity 
that is often not available, since it calls for simultane- 
ous measurements of both light absorption by phyto- 
plankton and the parameters of the P-Icurve. 

As a contribution to consolidation of the knowledge 
base useful for the estimation of primary production in 
the Indian Ocean, we present here some information 
from the NW Indian Ocean, collected durlng the NE 
monsoon period, on the spectral characteristics of light 
absorption by phytoplankton in the mixed layer. We 
show that the changes in the magnitude and shape of 
the chlorophyll-normalised absorption spectra are 
related to pigment composition and cell size. We also 
present data on P-Iparameters from the same stations 
and examine the factors responsible for var~abil~ties in 
these parameters. These measured bio-optlcal proper- 
ties are then used to compute the m.aximum realised 
quantum yield. Next, we show tha.t changes in quan- 
tum yield reflect to a large extent variabilities In the 
species composition of phytoplankton. The implica- 
tions of the results for computation of primary produc- 
tion using remotely sensed data on ocean colour are 
also discussed. 

MATERIALS AND METHODS 

Light absorption by phytoplankton and, the P-I para- 
meters were measured during a cruise of the Dutch RV 
'Tyro' to the NW Indian Ocean during the NE monsoon 
period of winter 1993 (January and February). Periods of 
strong NE winds caused relatively deep mixed layers 
with higher than normal nutrient levels and no deep 
chlorophsll maximum (Baars 1994). The sampled area 
covered 3 regions: the western Somali Current area, the 
CuU of Aden and the Red Sea (see Fig 1).  Samples were 
collected at 3 depths at each stahon: 4, 10 and 40 m. Con- 
centrations of nutrients (nitrate, nitrite, phosphate and 
silicate) were measured on board using a TRAACS 800 
auto-analyser, and chlorophyll a (chl a) concentrations 
were determined with a Turner Design fluorometer. 
The penetration of photosynthetically active radiation 
(PAR) was also measured at these stations. 

50 60 

Longitude ( 'E) 

Fig. 1. Map showing the positions of sampling stations in 
the Somali Current area ( m ) ,  the Gulf of Aden (0) and the 

Red Sea [H)  

Some 68 samples were collected during the cruise, of 
which all but 3 fell in the mixed layer. The 3 samples 
from below the mixed layer were excluded from the 
analysis, and only the 65 samples from the mixed layer 
are presented and discussed in this paper. 

The details regarding the bio-optical measurements 
are given below. 

Measurement of light absorption by phytoplankton. 
Samples were collected on GF/F glass-fibre filters, 
and stored at -70°C during the cruise. After the 
cruise, they were air-lifted to the laboratory in a deep 
freeze. Light absorption by total particulate material 
[a&), where h is the wavelength, 400 nm 5 h 
5 750 nm] was measured in the laboratory on a 
spectrophotometer, using the filter technique of 
Yentsch (1962), as modified by Mitchell & Kiefer 
(1984, 1988). The absorption by photosynthetic pig- 
ments a,(h) was obtained from a,@) by subtract~ng 
absorption by detritus a,().), according to Klsh~no et al. 
(1985). The measurements were corrected for path- 
length amplification due to scattering by the filter 
(Hoepffner & Sathyendranath 1992, 1993). Each 
absorption spectrum of photosynthetic pigments was 
decomposed into 13 Gaussian bands representing 
absorption by the major phytoplankton pigments 
(chls a,  b and c, and carotenoids), as in Hoepffner & 
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0 . 1 s  c -  I - -: light penetration was measured. Despite the fact that 

• the chlorophyll samples were collected approximately 
6 h earlier in the day, there was nevertheless a signifi- 
cant correlation (p < 0.01) between K and chlorophyll 

0. 1 2  - concentration. Linear regression yielded K = 0.061 + - - 0.046B (n = 15, r2 = 0.63, 2 outliers omitted), very simi- 
lar to the results reported by Tilzer et al. (1994) for the 

4 Northern Weddel Sea. This fltted equation was used to 
estimate K at all the stations from B (mg m-3), which 
was then used to compute I,, the percentage light 
available at the sampling depths, using the equation 
I, = 100 exp(-KZ). 

0.0 0.5 1 0 I .i 
3 

Chlo (~n: m 1 RESULTS 

Fig. 2. Computed values of the attenuation coefficient, K, a s  a 
function of chl a concentration Light absorption by phytoplankton 

Sathyendranath (1991, 1993). The Gaussian decompo- 
sition was carried out using the software package 
'Peakfit' from Jandel Inc. The specific absorption co- 
efficient relative to chl a (a;) was determined by 
dividing the total absorption coefficient at each wave- 
length by B, the chl a concentration determined fluo- 
rometrically using the Turner design fluorometer The 
Gaussian peak heights of the red and blue bands 
associated with chl a,  p(435) and p(676) (with respec- 
tive peak centres at around 435 and 676 nm) were 
divided by chl a to obtain the specific peak heights, 
designated p'(435) and p'(676), respectively. 

Parameters of the P-I curve. Samples from each 
depth were incubated for 2 to 3 h at in situ tempera- 
tures under 30 irradiance levels (1.2 to 570 W m-'). Pri- 
mary production per hour, normalised to the biomass 
R, was estimated by the I4C method for each incuba- 
tion, and the results fitted with the equation of Platt et 
al. (1980) to determine the parameters P: (the assimi- 
lation number), aB (the initial slope), PB (the photo- 
inhibition parameter), and RB (the dark respiration). 
Fluorometrically measured chl a concentration was 
used as the index of biomass B. 

Light penetration. Light penetration was 

Examination of the absorption spectra from the 
Somali Current area, the Gulf of Aden and the Red Sea 
showed some systematic differences. These differ- 
ences may be associated with changes in species com- 
position (Table 1): Synechococcus-type cyanobacteria 
were nun~erically the most abundant group in all 3 
regions but also dominated the phytoplankton assem- 
blage in the Somali Current area in terms of biomass 
(Veldhuis unpubl. data), prochlorophytes were most 
numerous in the Somali Current area, large eukary- 
otes (including diatoms) were most abundant in the 
Red Sea, while the Gulf of Aden had a mixed assem- 
blage of small and large cells. These differences imply 
a change not only in pigment composition, but also in 
cell size, and both factors can affect the characteristics 
of light absorption by phytoplankton (Sathyendranath 
et al. 1987). 

Changes in the concentrations of auxiliary pigments 
relative to chl a can lead to modifications in the shape 
of the absorption spectrum and to differences in the 
magnitude of absorption when the absorption spectra 
are normalised to chl a concentration. Changes in the 
optical density of cells modify the absorption spectra 
further: when a certain amount of pigment is distrib- 

measured using a Licor quantum meter 
Table 1. Phytoplankton composition in the Somali Current Area, the Gulf measurillg PAR' were made of Aden and the Red Sea showing numbers of cclls ml-' (*l SD) for 

at 5 m over the photic zone a t  cyanobacteria, prochlorophytes, small eukaryotes (<3 p m ) ,  medium 
local noon * 1 h. A comparable deck unit eukaryotes (3 to 5 pm) and large eukaryotes ( > S  pm) 

was used to correct the measurements for 

(m-') are plotted against chlorophyll con- I Large eukaryot'es 0 521 * 741 1685 * 759 1 

changes in incoming solar radiation. Aver- 
age values of attenuation coefficient K for 
the photic zone were computed for each 
station by regression of log-transformed 
light On depth '. The computed of K 

centration in Fig. 2 for the stations where 

Somali Current Gulf of Aden Red Sea 

Cyanobacteria 48779i29013  7 9 1 2 8 t 2 9 3 5 1  35411+6546 
Prochlorophytes 49 160 * 29563 14 248 * 7376 1514 i 729 
Small eukaryotes 4626 i 2548 6901 * 2173 2543 + 4745 
Medium eukarvotes 6467 + 3822 3874 * 3368 5659 714 
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uted in cells with high optical density (which may be 
due to large size or high intracellular pigment concen- 
tration), then the pigments will appear to have a lower 
absorption coefficient than when the same amount of 
pigments are contained in cells of low optical density. 
This is the well-known flattening effect (Duysens 1956, 
Kirk 1976, More1 & Bricaud 1981). Since the flattening 
effect is a function of the optical density of the cells, 
it is a wavelength-dependent effect, being most pro- 
nounced at wavelengths of absorption maxima. In the 
following paragraphs we examine variations In the 
shape and magnitude of the absorption spectra and 
attempt to evaluate how changes in pigment concen- 
tration and cell size affect the observed optical proper- 
ties. To this end we make use of the technique of 
decomposing the absorption spectra into Gaussian 
bands, each representing absorption by a major pig- 
ment. 

Shape of the absorption spectra 

The average spectra for the 3 depths and the 3 
regions are shown in Fig. 3. These spectra are all nor- 
malised at 435 nm to compare the shapes of the spectra 
rather than their magnitudes. 

Even though all these spectra are from the mixed 
layer, there are systematic differences with depth, in 
all 3 regions. Notably, the absorption at 400 nm, rela- 
tive to absorption at 435 nm, is very high at 4 m com- 
pared with 40 m or even 10 m. In fact, the ratio of 
absorption at 400 nm to that at 435 nm is, on an aver- 
age, 0.993 at 4 m, 0.745 at 10 m, and 0.741 at 40 m. This 
probably indicates higher concentrations of UV-pro- 
tective pigments in the surface, suggesting that the 
cells were photoacclimating faster than they were mix- 
ing It is interesting to note that the blue absorption 
maximum i.s slightly shifted towards longer wave- 
lengths in the Somali Current area compared with the 
other 2 regions, which is consistent with the presence 
of divinyl-chl a associated with prochlorophytes (see 
Hoepffner & Sathyendranath 1992). 

In the blue-green part of the spectrum (500 to 
550 nm), all 3 regions have similar absorptions, except 
at 40 m, where the Red Sea samples show the highest 
absorption, followed by the Gulf of Aden. 

At all depths, the red absorption peak (relative to the 
absorption at 435 nm) is highest in the Red Sea, and low- 
est in the Somali Current area. If we consider that the 
specific absorption coefficient of phytoplankton in the 
red part of the spectrum is less affected by changes in 
pigment composition or in cell size than in the blue part, 
this relative change probably reflects changes in the 
magnitude of the specific absorption coefficient in the 
blue part of the spectrum, an issue that is examined next. 

- .- 
rl(lll 4.51) 51WI j i l  600 650 7lUl 

Wavelength (nm) 

Fig. 3 Average absorption spectra normalized at  435 nm for 
samples from the Somali Current area (-), the Gulf of Aden 
( . - )  and the Red Sea I---) for s ampl~ng  depths ( a )  4 m, (b) 10 m 

and  (c) 40 m 

Light absorption at 435 and 676 nm 

The specific absorption coefficient for each sample at 
435 nm is plotted against the sample chl a concen- 
tration in Fig. 4 The figure shows that the pigment 
concentrations are lowest in the Somali Cu.rrent area, 
and highest in the Red Sea. Phytoplankton from the 
low-chlorophyll, low-nutrient waters of the Somah Cur- 
rent area have the highest specific absorption at 435 nm 
[mean 0.086 m v m g  chl a)-'], compared with the Red 
Sea [mean 0.044 m2 (mg chl a)-'], with intermediate val- 
ues in the Gulf of Aden [mean 0.073 m2 (mg chl a ) - ' ]  

The differences between regions are consistent with 
our knowledge of the phytoplankton populations in 
these areas: the Red Sea, with large diatom cells, would 
be expected to have a lower specific absorption coeffi- 
cient than the smaller prochlorophytes and cyanobacte- 
ria, if changes in cell size, rather than in intraceIlular 
pigment concentration, dominate the flattening effect. 
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Fig. 4. Specific absorption coefficient at  435 nm as a function 
of the chl a concentration for the Somali Current area (m), the 

Gulf of Aden (0) and the Red Sea (m)  

However, these changes in cell sizes are  also ac- 
companied by changes in pigment composition. For 
example, cyanobacteria are  capable of harvesting light 
using phycobiliproteins rather than chlorophyll- 
carotenoid complexes (Cullen et al. 1993, Geider 1993) 
leading to increased specific absorption coefficients 
when the spectra are normalised to chl a concentra- 
tions. It is difficult, in a plot such as Fig. 4 ,  to separate 
the effects of size and intracellular pigment concentra- 
tion from that of pigment composition (Sathyendranath 
et al. 1987). In addition, samples from the Somali 
Current area exhibit some evidence of photoadapta- 
tion, with the highest specific absorption being found 
in the 4 m samples [mean 0.092 m2 (mg chl a)-'] com- 
pared with the 10 or 40 m samples [0.083 and 0.078 m2 
(mg chl a) - ' ,  respectively]. As cells become shade- 
adapted, the cellular concentration of the absorbing 
pigments increases (Geider et  al. 1986, Falkowski & 
LaRoche 1991). The increase in intracellular pigment 
concentrations could in turn lead to an  increase in the 
flattening effect and a consequent decrease in specific 
absorption (Geider et al. 1986, Johnsen & Sakshaug 
1993). The depth-dependent changes in specific ab- 
sorption imply a slower vertical mixing rate for the 
Somali Current area than the other 2 regions (see also 
Cullen & Lewis 1988),  or a faster photoadaptation rate 
for the Somali Current area population. 

Since the flattening effect becomes more important 
at  wavelengths of high absorption, one may anticipate 
that this effect would be  smaller in the red than in the 
blue part of the spectrum. In fact, the specific absorp- 
tion at 676 nm is relatively stable: the standard devia- 
tion in the specific absorption at  this wavelength is low 
(0.006), around a mean of 0.032 m2 (mg chl a)-' .  The 
regionally differentiated, mean, specific absorption 
coefficients at this wavelength are also less variable 

than at 435 nm, ranging from 0.032 m v m g  chl a)- '  in 
the Somali Current area and 0.033 m2 (mg chl a)- '  in 
the Gulf of Aden to 0.024 m2 (mg chl a)-' in the Red 
Sea. The specific absorption coefficients for the Somali 
Current area and the Gulf of Aden are  high, compared 
with values reported in the literature for chlorophyll- 
specific absorption at this wavelength, which is often 
less than 0.02 m2 (mg chl a)-' (see table of values in 
Bricaud & Stramski 1990). Moore et  al. (1995) have 
suggested that the filter technique may overestimate 
the absorption coefficient in samples dominated by 
prochlorophytes. The errors in estimated absorption 
coefficient (computed using the path-length correction 
factor for Prochlorococcus n ~ a r i n u s  from Moore et  al. 
1995) increase with the measured optical density of the 
sample on filter. We estimate that, for our measure- 
ments, this could lead to a maximum overestimate of 
16% in the red for the sample with the highest mea- 
sured optical density, if that sample were made up 
entirely of pro-chlorophytes. This is not sufficient to 
explain our high specific absorption values in the red. 
It is possible that these high absorption coefficients 
reflect the combin-ed influences of low package effect 
and relatively high contributions from chl b-like pig- 
ments to absorption at 676 nm. Indeed, high-perfor- 
mance liquid chromatography (HPLC) results obtained 
by Kraay (unpubl. data) during the same cruise 
revealed high chl b:chl a ratios (0.155 _t 0.056, n = 19) 
for samples from the Somali Current area and the Gulf 
of Aden. 

The mean height of the chl a normalised Gaussian 
peak height at  676 nm is 0.028 m2 (mg chl a)-' ,  sug- 
gesting that even a t  this wavelength other pigments 
are responsible for some 12 % of total absorption, on an  
average. But this is much smaller than the contribution 
at 435 nm: a similar comparison between total phyto- 
plankton absorption and the Gaussian peak height 
at 435 nm suggests that the contribution from other 
pigments to absorption at  this wavelength amounts to 
some 28 % on the average. 

Flattening effect 

When the absorption spectrum is decomposed into 
Gaussian bands representing absorption by each of the 
major pigments, changes in peak heights associated 
with a single pigment can be studied. By virtue of its 
smaller magnitude, the red absorption peak due  to 
chl a should be  less affected by the flattening effect 
than the blue peak. Therefore, relative changes in the 
chl a peak height in the blue part of the spectrum (with 
a nominal band centre at  435 nm) compared with the 
red peak (at around 676 nm) should be an  indicator of 
the importance of the flattening effect. Note that, since 



liar Ecol Prog Ser 132: 299-311, 1996 

pf4355)f 1,1676) = I. lW rhl u 
3 U r' = 046  

Chl a (mg 

Fig. 5. Ratio of Gaussian peak height at 435 nm to Gaussian 
peak height at 676 nm as a function of chl a concentration, 
for the Somali Current area (o), Gulf of Aden ( 0 )  and the 

Red Sea (m) 

we are taking the ratio of 2 bands associated with 
chlorophyll, the result is independent of chl a concen- 
tration. The ratio of the height of the blue peak to that 
in the red part of the spectrum is plotted in Fig. 5 as a 
function of chl a concentration. In this plot also, the 3 
regions are fairly well separated, and the ratio of peak 
heights decreases from chlorophyll-poor waters to 
chlorophyll-rich waters, indicating that changes in 
phytoplankton population and cell size do modify the 
relative flattening effect in the blue part of the spec- 
trum; one may also infer from the figure that the cell 
size (or the intracellular concentration of pigments) 
increases with chlorophyll concentration. 

Unlike Fig. 4, in which the abscissa and ordinate are 
not independent of each other, the axes are ~ndepen-  
dent in this figure. The relationship between chl a con- 
centration and the ratio of peak heights can be used to 
predict changes in the shape of the absorption spec- 
trum in these waters from chl a concentration, which is 
easily measured, both by in situ techniques, and by 
remote sensing. 

Effect of changes in pigment composition 

Since the Gaussian bands separate the contributions 
from individual pigments to total absorption coeffi- 
cient, they could also be used to study the role of pig- 
ment composition. In Fig. 6 we have plotted the chl c 
peak height in the red, part of the spectrum (nominal 
band centre at 644 nm) as a function of chl a peak 
height, also in the red. Since the flatten~ng effect 
appears to be relatively sma.11 for this chl a band, we 
may assume that this would also be true at 644 nm, 

Fig. 6. Gaussian peak height at 644 nm (chl c) as a function of 
Gaussian peak height at 676 nm (chl cl) for the Somali Current 

area (m), the Gulf of Aden ( 0 )  and the Red Sea (m) 

where the absorption is lower than at 676 nm. The fig- 
ure shows that the chl c peak height stays relatively 
small even when chl a peak height increases, except in 
the Red Sea. This is consistent with the presence of 
diatoms in these waters, which contain high concentra- 
tions of chl c (Rowan 1989). 

Characteristics of photosynthesis 

The P-I parameters measured during this cruise 
showed a high degree of variability: the dynamic 
range in aB was 3.7 around a mean value of 0.080 mg 
C (mg chl a).' h-' (W [equivalent to 0.019 mg C 
(mg chl a)-' h-' (pmo! quanta m-' S")- ' ] ,  and the range 
in P,f, was 3.9, around a mean value of 5.47 mg C (mg 
chl a)- ' .  Variations with region and with depth (see 
Table 2) are not as clear-cut as in the case of absorption 
data. 

Based on theoretical considerations, Sathyen- 
dranath & Platt (1994) suggested that modifications 
in the photosynthetic rates of phytoplankton, in 
response to changing environmental conditions in 
general and to nutrient concentrations in particular, 
may play an important role in determining the occur- 
rence of blooms in the Arabian Sea. There also is 
some evidence from field data in the N Atlantic 
(Falkowski et al. 1985, Cleveland et al. 1989, Platt et  
al. 1992) that, in natural environments, aB is modified 
by the availability of nitrate, though others (eg. 
Marra et al. 1995) have suggested that it is not nec- 
essary to invoke such changes to model observed 
primary production in oligotrophic and nutrient-rich 
waters. 
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Even if nutrient-dependent changes in Table 2. Mean values ( r 1  SD) of the photosynthetic parameters a" [mg C 
P-I parameters are important in the marine (my chl a)-' h- '  iW m-')-'] and P:: [mg  C img chl a)  ' 1  from the ~ o m a l ~  

environment, it may be difficult to obtain Current area,  the Gulf of Aden and the Red Sea fol- 3 sdmpllng depths,  
n number of observations 

direct evidence for it. First, concentrations 
of nutrients measured at the time of the P-l 
experiment may not reflect either the rate 
of nutrient supply, or the history of nutrient 
availability. Secondly, changing nutrlent 
concentrations may promote changes in 
the phytoplankton population, and diffcr- 
ent phytoplankton species may have vary- 
lng responses to the same stimuli. 

By definition, aB is related in a linear 

Somali Current 

Depth 4 m 
a B 0.059 + 0.015 

p: 4.85 + 1.19 
n 14 

Depth 10 m 
U" 0 0 8 5  + 0 0 1 0  
p: 6.04 -t 0.83 
n 11 

Gulf of Aden Red Sea 

where N is nitrate concentration (mg-at. N m-3). The Ni~rare (mg-at N ni3) 

equation fitted to the N Atlantic data is not inconsistent 
with the Indian Ocean data (Fig. 7b); however, the data Fig. 7 The initial slope of the photosynthesis-hght curve nor- 

for the ~ ~ d i ~ ~  ocean are too noisy to have any predic- mallzed to chl a concentration (aB)  as a function of nitrate con- 
centration (a) for 0 to 40 m from the Sargasso Sea (data from 

tive The spring were Platt et al. 1992) and (b) for the NW Indlan Ocean (present 
comprised mainly of large diatoms and Phaeoc~stis study) at  3 different samphng depths: 4 m (m), 10 m (o) and 
cells (Head & Horne 1993), whereas our samples con- 40 m (*) 

fashion to specific absorption coefficient of 
phytoplankton. But, is there any reason to 
expect that a B  (or P:) estimated for broad- 
band illumination would be related to 
changes in the spectral shape of absorp- 
tlon? Our data on the spectral characteris- 
tics of light absorption by phytoplankton 

Depth40 m 
a" 0.097 T 0 020 0 09.i r 0 013 0.066 + 0.018 
p,", 5.37 T 0 61 5.53 r 1.45 3 14 r 0.68 
n 8 6 3 

Depth 4-40 m 
aR 0.077 T 0.022 0 089 r 0.018 0.069 r 0.012 

p: 5.37 T 1.07 6.15 r 1.80 3 83 r 1.18 
n 3 3 24 8 

suggest that they contain some information 
on phytoplankton population structure and 
on their state of photoadaptation. If we now postulate 
that the different populations or a given population in o 1 5  I 

different physiological states may indeed be photosyn- 
thesising at different rates, then it may be expected o 1 2  

a 

that the P-I parameters may be related to changes 
in the spectral shape of light absorption by phyto- 0 0 9 ~  

plankton. 
In this section we flrst examine the direct relation- 

F-- : 
-- 

!l0 t . 
ships between a B  and nitrate and compare the results v J  - 
with similar data from the N Atlantic from Platt et al. 
(1992). We then go on to explore whether changes in 5 SARGASSO SEA 

P-I parameters are indeed related to spectral charac- 
E O [l3 I 
: olH)--- 
[ 0 0  0 5  I U  I S  2 0  2 5  3 0  3 5  

teristics of light absorption by phytoplankton. - 
c 
U 
Y 

Dependence of aB on nitrate: comparison with the 
North Atlantic 

Platt et al. (1992) reported changes in uB with 
changes in NO, at a time-series station in the N 
Atlantic, during the declining phase of the Spring -L 

bloom in 1990. We fitted a Michaelis-Menten-type 
equation with an intercept to their data (Fig. ?a)  which 
yielded: 

0.121 N 
N.  W. INDIAN OCEAN 

0 00 uB = 0.0244+ 
(0.596 + N) 0 0  U5 1.0 l 5  2 0  2 5  3 0  3 5  
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tained a diverse assemblage of small and large cells, 
the composition of which varied according to region. 
(see Table 1). This may account for some of the scatter 
in our data. 

As can be seen from Fig ?b, there is some grouping 
according to depth of sampling, suggesting that the 
phytoplankton were adapting faster than they were 
mixing, which is also suggested by the absorption 
data. We next used absorption and other environ- 
mental data to examine whether the predictability of 
P-I parameters could be improved using such infor- 
mation. 

Prediction of P i  and u q r o m  absorption character- 
Istics and environmental CO-variables 

For application in modelling studies, it is often useful 
to be able to predict P-I parameters from variables that 
are more easi1.y measured, and for which better infor- 
mation bases exist. Measurements of phytoplankton 
absorption spectra are becoming routine on oceano- 
graphic cruises; futhermore, the ocean-colour signal 
accessible to remote sensing is a function of the 
absorption coefficient, and there is a possibility of 
retrieving phytoplankton absorption spectra from 
multi-spectral, remote measurements of ocean colour 
(Lee 1994). Being able to relate P-I parameters to 
phytoplankton absorption characteristics would, in 
principle, alleviate the problem of extrapolating a 
small number of P-I measurements to large scales 
(Sathyendranath & Platt 1993) for use in computations 
of primary production from remotely sensed data. 

In our analysis, we first examined linear relation- 
ships between the 2 P-I parameters and various char- 
acteristics of phytoplankton that contained useful 
information on phytoplankton size structure, its spe- 
cies composition and its response to the light environ- 
ment. That is to say, we explored the relationships 
between the photosynthetic parameters and the 
absolute peak heights of chl a,  the peak heights of 
chl a relative to total absorption at the wavelengths of 
peak maxima, the peak heights of chl a relative to 
peak heights of other pigments and specific absorp- 
tion coefficients at wavelengths of maximum chl a 
absorption. We present here only the relationships 
that yielded the best results (maximum correlation 
coefficient for 5 or fewer independent variables). We 
also examined whether the predictability of P-I para- 
meters based on absorption could be improved further 
by including nutrients and the light levels at the sam- 
pling depth. 

We found that some 64% of the variance in aB is 
explained by variations in the specific absorption of 
chl a in the blue, a:(435), and, red, a;(676), and the 

MEASURED VALUES 

Fig. 8. Computed versus measured values of (a) aB calculated 
from the multiple regression equation uB = 0.0375 - 
1 09a;(435) + 4 33a:(676) - 0 841p(676) and (b) the assimila- 
tion number, P i ,  calculated from the multiple regression 
equation P: = -2.20 + 113.3a:(435) + 0.0711, - 0.0011(1z)2 - 

169.10B:+ 11.1P (where P is phosphate in mm01 m-7 

Gaussian peak height at 676 nm, p(676) (Fig. 8a). All 
3 properties are related to absorption maxima for chl 
a. However, the fact that both the red and blue peaks 
have to be used probably reflects the indirect effect of 
auxiliary pigments and package effect. The 2 specific 
absorption coefficients at 435 and 676 nm together 
explain some 59% of the total variance. Adding the 
chl a peak height at 676 nm had a small (but statisti- 
cally significant) effect and increased the r2 value by 
some 5%. Note that p(676) is not normalized to chl a 
concentration and therefore includes the effect of 
changing pigment concentration on total light absorp- 
tion by phytoplankton. The negative coefficients asso- 
ciated with a;(435) and p(676) suggest that high val- 
ues of a' are associated with low specific absorption 
coefficient in the blue and with low biomass. How- 
ever, high specific absorption coefficient at 440 nm is 
in fact associated with low biomass in our data (see 
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Fig. 4) ,  which could be  why there are no well-defined 
regional patterns in the distribution of P-I parameters. 
These are tentative explanations of a rather complex 
result. Further interpretation would be tenuous at best 
and has to await more data and a better insight into 
how various phytoplankton populations in the natural 
environment respond to changes in environmental 
conditions. 

Including nitrates or phosphates would acco.unt only 
for an  additional 3 to 5'X1 of the variance in aB, in this 
linear multiple regression. In our data, phosphate and 
nitrate were correlated, with an r' of 0.7 Given that 
there is evidence to suggest the relationship between 
uB and nitrate is non-linear (see Fig. 7), this small con- 
tribution to a multiple linear regression is admittedly 
not a realistic representation of its full influence. How- 
ever, we felt that the data (Fig. 7b) were too noisy to 
attempt a non-linear regression. 

The assimilation number is known to be determined 
by the dark reactions of photosynthesis, unlike aB, 
which is directly related to photochemical reactions. 
Therefore, any relationship between Pi and light 
absorption would have to be indirect at best. In fact, 
the specific absorption of chl a in the blue, a;(435), and 
the mean specific absorption over the range 400 to 
700 nm, a;, together explain only some 18.7% of the 
total variance in P i .  Addition of the light available 
a t  the sampling depth, both I, and (I,)*, and PO4 
(mm01 m-3) as independent variables in the multiple 
linear regression increased the explained variance to 
52 % (see Fig. 8 b). 

According to these results, there is hope that some 
information on variations in aB could be derived from 
light absorption spectra of phytoplankton, which are in 
turn potentially accessible to remote sensing. This 
would certainly be an  aid in remote sensing of primary 
production at large scales: assignment of parameter 
values for P-I curves on a grid-by-grid basis for use 
in primary production calculations at the global scale 
is one of the pressing problems in this field. The 
approach appears to work less well for the second 
photosynthetic parameter that was measured, P i .  The 
computation of both the parameters can be improved if 
nutrient information could be provided as well. While 
these preliminary results are encouraging, we have to 
await data from other localities and other seasons to 
determine the extent of their validity. 

Quantum yield of photosynthesis 

The realised, maximum quantum yield of photosyn- 
thesis, @,,, is the ratio of the biomass-specific initial 
slope of photosynthesis, uB, to the specific absorption 
coefficient of the phytoplankton population (Platt & 

Jassby 1976). For a given wavelength, w e  have, by 
definition: 

uB = $m a ;  (2) 

Models based on absorbed light rather than available 
light require information on both the quantities on the 
right hand side of Eq. (2), but estimates of 4, are often 
lacking, and one is obliged to assume that this quantity 
is a stable property of natural, marine environments. 
This is especially true of computations in a remote- 
sensing context, where the absorption properties of 
phytoplankton would be directly accessible from satel- 
lite data. In Fig. 9 we present a%s a function of a:, the 
specific absorption coefficient for phytoplankton aver- 
aged over the entire spectral range from 400 to 700 nm. 
Clearly, there is no simple, linear relationship between 
the 2 variables for the NW Indian Ocean data. 

Even though we do not have spectrally resolved 
measurements of uB, our observations are  sufficient for 
estimation of the maximum, realised quantum yield for 
'white-light' conditions. We computed the maximum 
quantum yield [m01 C (m01 quanta)-'] as follows: 

where the constant converts grams to moles, hours to 
seconds and watts to moles of quanta, assuming 1 W = 

4.6 pm01 quanta S-'  Values of 41, varied from 0.0046 to 
0.028 m01 C (m01 quanta)-' (mean = 0.014). a dynamic 
range of 6,  which is greater than the range in aB. These 
values are similar to quantum yields measured by 
Kishino et al. (1986) off Japan,  for samples taken near 
the surface [0.005 to 0.033 m01 C (m01 quanta)-'], using 
similar methods to meas'ure a;. They obtained values 
up to 0.094 m01 C (m01 quanta)-' ,  close to the theor- 
etical maximum of 0.1 m01 C (m01 quanta)-' ,  for sam- 

0.00 
0.OI I .  l 0 04 0 05 0 06 0.07 

t i , '  (400-700 tin,) (111' (111s Chl ( 1 )  ' I 

Fig. 9. aR as a function of the specific absorption coefficient of 
phytoplankton averaged over the range 400 to 700 nm, for 
the Somali Current area (o), the Gulf of Aden (0 )  and the 

Red Sea (m) 
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ples from the subsurface chlorophyll maximum, but 
our observations did not extend below the mixed layer. 
On the other hand, Schofield et  al. (1993) obtained a 
regional average of (I, for the Southern California 
Bight of 0.027 mol C (m01 quanta)-', which is close to 
the high end of our range. Other studies for natural 
communities (using a variety of methods) report Q, val- 
ues that range from 0.03 to 0.07 m01 C (m01 quanta)-' 
(Bannister & Weidemann 1984), 0.03 to 0.1 m01 C (m01 
quanta)-' (Cleveland et al. 1989) and 0.02 to 0.07 m01 C 
(m01 quanta)-* (Babln et al. 1993) Many recent studies 
also report that @, values are highly variable In time 
and space (with a dynamic range of approximately 10), 
and are often 2- to 10-fold lower than the theoretical 
upper limit (Prezelin et al. 1991, Bidigare et al. 1992, 
Schofield et al. 1993). 

Cleveland et al. (1989) estimated apparent quantum 
yield by computing the ratio of aB to total absorption by 
pariiculate matter dnd suggested that the contribution 
from nonphotosynthetic particles (such as phaeopig- 
ments or detritus) to absorption by particulate matter 
could be significant and may be responsible for appar- 
ent decreases in quantum yield. 

They suggested that high values in the ratios of 
absorption at 435 to 676 nm would indicate the pres- 
ence of nonphytoplanktonic, blue-light-absorbing par- 
ticles. In fact, they found that the apparent quantum 
yield did indeed decrease with an  increase in the value 
of this ratio. Their conclusions were further supported 
by the observations that the field samples had higher 
blue-to-red absorption ratios compared with healthy 
laboratory cultures. 

Our estimates of quantum yield also show a ten- 
dency to decrease with increase in the value of 
ac(435) : ac(676) (Fig. 10a), even though our absorption 
data have been corrected for some detrital contribu- 
tion. Samples were not corrected for phaeopigment 
but HPLC data showed phaeopigments concentrations 
to be negligible (Kraay unpubl. data). According to 
Cleveland et al. (1989), healthy laboratory cultures 
exhibit a range of a,(435) : ac(676) from 1.1 to 2.5, which 
is similar to the range of our data (Fig. 10a). Only 
surface (4 m) samples from the Somali Current area 
showed any sign of enhanced blue absorption, with 
ratios greater than 2.5. 

When quantum yield is plotted against the ratio of 
Gaussian peak heights at 435 to 676 nm, p(435): 
p(676), instead of a,(435):ac(676), we find that the 
trends are similar in both the cases (Fig. lob).  Since 
the changes in the p(435):p(676) ratio may be inter- 
preted (Fig. 5) as reflectinq changes in the phyto- 
plankton population and their state of photoadapta- 
tion, we are led to postulate that it is these changes 
that also govern some of the changes in quantum 
yield observed in our data. 

t r ,  (4.i.5) / ~$6761  

Fig 10. Maximal quantum yleld as a function of (a) the ratio of 
absorption at 435 nm to absorption at 676 nm and (b) the ratio 
of the Gaussian peak height at 435 nm to the peak height at 
676 nm, for the Somali Current area (m), the Gulf of Aden (0) 

and the Red Sea (m) 

Even though our samples are all from the mixed 
layer, the Somali Current area showed a depth-depen- 
dent increase in Q,, with surface samples having the 
lowest quantum yields [mean 0.0082 m01 C (m01 
quanta)-'] compared with the 10 and 40 m samples 
[0.0130 and 0.0166 m01 C (m01 quanta)-', respectively]. 
This depth-dependent increase in (I,, has been 
observed in several field studies (Dubinsky et al. 1984, 
Kishino et al. 1986) and may be due to an accumulation 
of blue-absorbing, photoprotective pigments in surface 
waters (see Dubinsky et al. 1986). There is some evi- 
dence for this in the shape of the absorption spectra 
from the Somali Current area (Fig. 3). In addition, Bidi- 
gare et  al. (1989) found that zeaxanthin (which func- 
tions as a photoprotective pigment in cyanobacteria) 
could produce a 20 to 40% reduction in the quantum 
yield of Synechococcus spp. in the 425 to 500 nm spec- 
tral region (the wavelengths of maximum zeaxanthin 
absorption) and that the cellular zeaxanthin content 
increased with irradiance levels of blue-green Light. 
From the limited HPLC data available (Kraay unpubl. 
data), samples from the Somali Current area showed 
higher zeaxanthin-to-chl a ratios (0.194 * 0.044, n = 12) 
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Fig. 11. Computed vs measured values of the maximal 
quantum yield, m,,, calculated using the multiple regression 
equation m,,  = 4.44 - 0.00010([,) - 1.12[p(435lp(676)] + 2.05P. 

where Pis  phosphate concentration in mm01 m-" 

than samples from the Gulf of Aden (0,135 * 0.0818, n 
= 7 )  or the Red Sea (0.0224, n = l ) ,  suggesting that pho- 
toprotective pigments such as zeaxanthin may be 
partly responsible for the lower quantum yields in the 
Somali Current area. 

The high absorption coefficients and reduced quan- 
tum yields in the Somali Current area samples could 
also be attributed to a reduced chl a content per cell a s  
a result of photoadaptation (Cullen e t  al. 1993), which 
would in turn decrease the flattening effect and 
increase specific absorption (Johnsen & Sakshaug 
1993). The maximum quantum yield (b,,) is thus highly 
variable and may be influenced by cell size and spe- 
cies composition as well as other physical and environ- 
mental factors such as mixing and ambient light levels. 
Clearly, for these conditions, it would not be suitable to 
treat $,,, as a constant for computing u q r o l n  8;. 

We examined the influence of environmental CO- 

variables on Q,, and a multiple linear regression of 
phosphate, I, and the ratio of chl a peak heights at 
435 nm to that at 676 nm, p ( 4 3 5 ) : p ( 6 7 6 ) ,  was able to 
explain 62'::, of total variance in Q, (see Fig. 11). Of 
this, the p ( 4 3 5 ) : p ( 6 7 6 )  rat10 alone was responsible for 
some 5 6 %  of the variance, with the other 2 factors only 
explaining an additional 6 %. 

CONCLUSION 

The light absorption characteristics indicate some 
regional changes in the phytoplankton population, 
though these differences are not so apparent in the P-I 

data. It is probable that species-dependent changes 
would become evident in a', if spectrally resolved data 
were available for this parameter. Models are  now 
available that parameterise ocean colour and light 
penetration in the open ocean as functions of chl a con- 
centration in the water (More1 1988, Sathyendranath 
& Platt 1988, 1989).  These models assume that other 
optically active substances, such as the auxiliary pig- 
ments, covary with the chl a concentration. Deviations 
in pigment composition or size structure that might 
accompany changes in phytoplankton population are 
a source of noise in such models. The data presented 
in this paper, as well a s  data in a number of recent 
publications (Bricaud & Stramski 1990. Hoepffner & 

Sathyendranath 1993, Cleveland & Perry 1994), have 
highlighted some of the systematic changes that 
accompany changes in species composition. Such 
information should eventually lead to optical models 
that allow explicitly for the consequences of changes in 
species composition. These results also highlight the 
need for improving the spectral resolution In satellite 
data on ocean colour so that changes in the shape of 
absorption spectra can be monitored (see Hoepffner 
& Sathyendranath 1993, Lee 1994),  rather than just the 
blue-green ratio, as in the case of the Coastal Zone 
Colour Scanner. 

Brock et al. (1993) examined the relative importance 
of production in the mixed layer and In the deep- 
chlorophyll maximum using a photosynthesis-light 
model and suggested that the production below the 
mixed layer could become important during oligo- 
trophic, inter-monsoon periods. They pointed out that 
one of the limitations of the study was lack of informa- 
tion on P-I parameters from this region, which pre- 
cluded accounting for the effects of nutrients and 
photoadaptation on a' and P,$ (see also Banse 1994). 
The results presented in our paper are a step towards 
brldging this information gap.  While some useful 
empirical relationships between the P-I parameters 
and environmental CO-variables have emerged, one 
has to await data from other seasons and regions of the 
NW Indian Ocean and from below the mixed layer to 
establish the limits of applicability of these relation- 
ships. 

It has been suggested (Sathyendranath & Platt, 
1994),  based on theoretical arguments, that changes in 
the P-I parameters in response to changes in the avail- 
ability of nutrients might play a n  important role in the 
initiation of blooms in the Arabian Sea. The results 
presented here show a 4-fold variation in U" related at  
least partially to changes in nitrate concentrations. But 
other factors such as changes in species composition 
could also be important. Although conlparisons with 
data from the N Atlantic show some similarities in the 
nitrate dependence of a', we would need inore data 
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before conclusions could be drawn on the generality of AD (eds] Primary productivity and biogeochemical cycles 
these results. in the sea. Environmental Science Research, Vol 143. 

Our data show that the maximum, realised quantum Plenum Press, New York, p 175-212 
Bid~gare RR, Schofield 0, Prezel~n BB (1989) Influence of 

yield varies by a factor of 6; in addition, aB is poorly zeaxanthin on quantum yield of photosynthesis of Syne- 
correlated with the specific absorption coefficient for chococcus clone WH7803 (DC2). Mar Ecol Prog Ser 56: 
phytoplankton. Clearly, the application in this area of 177-188 

models of primary production that are based on Bidigare RR. Smith RC, Baker KS, Marra J (1987) Oceanic pri- 
mary production estimates from measurements of spectral 

absorbed light require independent information on Irradiance and p~gment concentrations. Global Eio- 
quantum yield as well. Our results do not support the geochem Cycles 1:171-186 
view that the maximum realised quantum yield Q,.: can 
be taken to be a constant, even for a limited region of 
the ocean (see also Prezelin et al. 1991, Schofield et al. 
1993). On the other hand, there is some indication that 
some of the variability in quantum yield is related to 
changes in the shape of the absorption of phytoplank- 
ton, which can potentially be monitored through satel- 
lites. But the generality of these results and the details 
of the mechanism that underlie this dependence have 
yet to be established. 
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