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ABSTRACT: Studies of the physiological and optical properties of phytoplankton of the subtropical 
open ocean are rare. Yet, assessing the spatial and temporal variation in the  photo-physiological 
parameters and chlorophyll-specific absorption coefficients of marine phytoplankton is essential if we 
are to account for the relative importance of pelagic systems in the global carbon economy. As a con- 
tribution to this general goal, the photosynthetic and bio-optical properties of phytoplankton were 
measured at 5 stations across a broad swath of the subtropical North Atlantic Ocean. Similar vertical 
patterns in pigment composition, chlorophyll-specific absorption coefficients and the photosynthesis- . 

irradiance parameters were observed at all 5 stations. A considerable proportion of the vertical vari- 
ation in the chlorophyll-specific absorption coefficients was caused by vertical changes in the pro- 
portion of the non-photosynthetic pigment (NPP) zeaxanthin relative to chlorophyll a. On the other 
hand, pigment packaging appeared to'have a minor influence on the optical characteristics of .the 
picoplankton-dominated region: chlorophyll-specific absorption coefficients observed at the red 
peak frequently exceeded 0.02 m2 (mg chl a)-'. Multiple, linear-regression analysis was used to exam- 
ine the value of some commonly-measured environmental variables as potential predictors of the 
photosynthetic parameters aB and P:. The results showed that indices of ambient irradiance, nutrient 
flux or nutrient concentration, separately or in combination, account for a significant fraction of the 
total variance in the photosynthetic parameters. The stability in the distribution patterns of both the 
photosynthetic parameters and absorptive characteristics of subtropical phytoplankton assemblages 
and in the principal factors governing the variability in these properties may facilitate the selection of 
appropriate input parameters for use in models of primary production for this hydrographic region. 
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INTRODUCTION 

The use of bio-optical models to transform synoptic 
images of phytoplankton biomass collected by satellite- 
borne, ocean-colour 2ensors into large-scale maps of 
primary production requ&es the allocation of appropri- 
ate parameters to describe the optical characteristics 

and photosynthetic performance of phytoplankton (Platt 
et al. 1991, Sathyendranath et al. 1995). It is well known 
that the bio-optical properties of phytoplankton vary 
over the world ocean. At present, there is no roytine 
method that can be used to derive information on the 
photosynthetic properties of phytoplankton from re- 
motely sensed data: instead, biological oceanographers 
must rely on information on the photosynthesis-irradi- 
ance (P-I) relationship obtained from conventional ex- 
periments conducted on ships. Consequently, over the 
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years, a considerable effort has been made by biologi- 
cal oceanographers to obtain information on the intra- 
and inter-seasonal variations in phytoplankton absorp- 
tion and photosynthetic performance for a variety of 
oceanic regions. However, the spatial coverage of P-I 
data remains sparse, especially in open-ocean domains, 
and, as a result, P-I parameters must be extrapolated 
over large spatial scales (Platt & Sathyendranath, 1988). 
Although steady progress has been made in obtaining 
greater spatial.and temporal resolution of both P-I and 
optical data, wide expanses of the world ocean remain 
undersampled. One region where such data are partic- 
ularly wanting is the subtropical open ocean (Longhurst 
et al. 1995, Sathyendranath et al. 1995). 

To address. the paucity of bio-optical data collected in 
subtropical waters, several recent studies have fo- 
cussed on such regions (Babin et al. 1996, Lazzara et al. 
1996, Allali et al. 1997). These stratified, open-ocean 
waters exhibit strong vertical gradients of density, tem- 
perature, nutrients and light regime, which in turn pro- 
?late vertical changes in species composition (Parten- 

I 
sky et al.. '1996) and in the optical (Babin et al. 1996, 
Lazzara et al. 1996,Allali et al. 1997) and physiological 
status (Babin et al. 1996) of phytoplankton. Becausethe 
absorption spectrum of phytoplankton is used to ap- 
proximate the shape of the photosynthetic action spec- 
trum, and to model the attenuation of light beneath the 
sea surface in spectral models of primary production, it 
is important that we improve our understanding of the. 
principal factors that cause variations in the optical 
properties of marine phytoplankton. It has been found 
that a significant portion of the observed vertical varia- 
tion in both the shape and magnitude of the phyto- 
plankton absorption spectrum can be ascribed to the 
presence of non-photosynthetic pigments (NPPs) (Bri- 
caud & Stramski 1.990, Sosik & Mitchell 1995, Babin et 
al. 1996, Lazarra et al. 1996, Allali et al. 1997). 

It is also important that we further our knowledge of 
the magnitude and variation in the P-Iparameters in 
different hydrographic regions over different seasons, 
to facilitate selection of input parameters for existing 
models of primary production. It would be advanta- 
geous if we could obtain estimates of the P-I parameters 
using information on more-easily-measured environ- 
mental variables, especially those that can be remotely 
sensed, such as sea-surface temperature. Unfortunate- 
ly, relationships between the P-I parameters and envi- 
ronmental variables are often obscured by simultane- 
ous changes in several environmental variables (Sosik 
1996) and are likely to change across hydrographic re- 
gions and seasons (Kyewalyanga et al. 1998). 

Keeping in mind the issues presented above, the 
present study has 2 principal objectives: these are, 
first, to investigate the variation in the bio-optical and 
photosynthetic properties of subtropical'phytoplank- 

ton across the North Atlantic Basin; and, second, to 
examine the correlation of the phdtosynthetic parame- 
ters with the biological and environmental variables 
that are believed to influence their magnitudes. In a 
companion paper (Bouman et al. 2000, in this issue), the 
results are applied to the calculation of primary pro- 
duction using a spectral model. 

MATERIALS AND METHODS 

The field observations were made during the Deep 
Chlorophyll Maximum (DCM) expedition. The main 
objective of the expedition was to study the dynamics 
of plankton communities residing in the'oligotrophic 
open ocean under stratified conditions, where the 
mixed-layer depth is substantially above the euphotic 
depth, and where a pronounced subsurface-chloro- 
phyll maximum is present. To accomplish this goal, 5 
stations were sampled in the middle of the North 
Atlantic basin on a transect between the continents of 

. South America and Africa' (Fig. 1). The: stations were 
chosen such. that influence of terrigenous material 
would be minimal. Sampling was conducted on the RV 
'Tydeman' from 26 July to'28 August 1996. Five major 
stations, approximately equally spaced along the tran- 
sect, were each occupied over 5 d. On these stations, 
CTD (Conductivity, ~ e m ~ e r a t u r e ,  Density) rosette casts 
were taken every 3 h to measure variations in biologi- 
cal and environmental variables of' interest over time 
scales of s l  .d. During transit betwken the major sta- 

. ... tions, single CTD casts were taken daily.. 
Pigment composition. For each of the time-series 

stations, pigment samples were collected at 10 depths, 
between 10 and 180 m on the first day of sampling. 
Twenty litres of seawater were filtered through 47 mm 
GF/F filters. The filters were frozen immediately at 

-70 -60 -50 -40 -30 -20 -10 0 
Longitude ("W) 

Fig. 1. Location of the 5 major stations covered during the 
DCM 1996 cruise from 26 July to 28 August 
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-80°C, and stored until analysed by HPLC (high-per- 
formance liquid chromatography). Pigment extraction 
was carried out according to the protocol described in 
Veldhuis & Kraay (1990) and Kraay et al. (1992). This 
method allowed for the separation of the NPP zeaxan- 
thin from lutein. 

The pigments recovered by HPLC analysis were par- 
tioned into 2 main groups: photosynthetic and non- 
photosynthetic (see Table l ) ,  based on the information 
presented in Bidigare et al. (1990). The relative con- 
centrations of these 2 pigment groups were used to 
estimate the proportion of absorbed light that is photo- 
synthetically utilisable. Calculations involved in the 
determination of absorption by photosynthetic pig- 
ments alone will be described in the next section. 

Absorptive properties. Small disks (1.3 cm diameter) 
were cut from the frozen GF/F filters collected for 
HPLC analysis. These subsamples were used to mea- 
sure the absorption spectrum of particulate matter 
retained on the filter. Measurements of optical densi- 
ties of,totai particles were made using a SPECTRO- 
NIC" GEP@SYST"$ 2PC spectrophotometer with a split- 
beam, dual-detector optical system. The optical density 
was recorded in the spectral range from 380 to 750 nm 
at a resolution of 1 nm. For each of the measured spec- 
tra, the optical density obtained at 750 nm was sub- 
tracted from that at all other wavelengths. The optical 
density spectrum of total particulate matter, OT(A), was 
then calculated as a function of wavelength h by sub- 
tracting the optical density spectrum of the reference 
filter fromthat of the sample spectrum. 

To estimate the spectral absorption by detrital mate- 
rial, the method proposed by Kishino et al. (1985) was 
modified according to the protocol described in Hoepff- 
ner & Sathyendranath (1992). The extracted filters 
were then wetted and scanned from 380 to 750 nm to 

Table 1. Main pigments determined using HPLC analysis on 
field samples collected during the DCM cruise. The pigments 
are partitioned into photosynthetic and non-photosynthetic 
categories based on the classification scheme presented in 

Bidigare et al. (1990) 

Photosynthetic pigments Non-photosynthetic pigments 

Chlorophyll a Diadinoxanthin 
Divinyl chlorophyll a p-carotene 
Chlorophyll b a-carotene 
Divinyl chlorophyll b Zeaxanthin 
Chlorophyll cl-hke 
Chlorophyll c2 
Chlorophyll c3 
Peridinin 
19' butanoyloxy-fucoxanthin 
19' hexanoyloxy-fucoxanthin 
Fucoxanthin 

measure the optical density of the bleached matter, 
Od(h). The optical density of the acetone-soluble phy- 
toplankton pigments on the filter, OP(A), was calcu- 
lated by subtracting Od(A) from OT(A). 

Moore et al. (1995) reported that, depending on the 
optical density of the sample, an overestimation of ab- 
sorption by as much as a factor of 2 could result if a p- 
factor derived from diatom cultures was applied to a 
sample dominated by prochlorophytes. Divinyl chloro- 
phyll a, which is a marker for prochlorophytes, can be 
distinguished from chlorophyll a, the principal light- 
harvesting pigment for all other phytoplankton groups, 
by HPLC analysis. At each of the 5 stations, the per- 
centage of total chlorophyll that was divinyl chloro- 
phyll a was high, in some cases exceeding 50 %. If we 
assume that, for both prochlorophytes and the remain- 
ing microalgae, absorption is proportional to the con- 
centration of these 2 forms of chlorophyll a, we can cor- 
rect for the filter effect by using the formula presented 
in Kyewalyanga et al. (1998): 

where OS is the optical density of particulate matter in 
suspension. In this equation, the measured optical den- 
sities [Op(A)] are assigned to 2 different p-factors based 
on the ratio of divinyl chlorophyll a to total chlorophyll 
a concentration, Fdv The coefficients A, and B, (0.29 
and 0.05, respectively) correspond to the algorithm 
appropriate for prochlorophytes (Moore et al. 1995), 
whereas A2 and B2 (0.31 and 0.57, respectively) corre- 
spond to the algorithm appropriate for the rest of the 
phytoplankton community (Hoepffner & Sathyendra- 
nath 1992). The vector of quantities Os(h), determined 
from Eq. ( l ) ,  was then converted to a vector of absorp- 
tion coefficients, aph(A) in values per metre, by the 
transformation (Mitchell & Kiefer 1988): 

applied at each wavelength A, where S is the clearance 
area of the filter, V is the volume of seawater filtered, 
and the constant 2.3 converts from base 10 logarithms 
to natural logarithms. Finally, each absorption spec- 
trum was normalised to HPLC-determined total chlo- 
rophyll a concentration (the sum of divinyl chlorophyll 
a and chlorophyll a) to obtain the chlorophyll-specific 
absorption spectrum, a;h(h). 

When using the absorption spectrum of phytoplank- 
ton to approximate the shape of the photosynthetic 
action spectrum it is desirable to include only the ab- 
sorption by photosynthetically-active pigments (a:s, in 
the notation of Sosik 1996). Since subtropical phyto- 
plankton may contain large proportions of NPPs we 
used the following equation presented in Babin et al. 
(1996) to subtract the absorption by NPPs: 
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where a;, is the approximated, in vivo phytoplankton 
absorption spectrum of the photosynthetically active 
pigments and aEh is the measured in vivo absorption 
spectrum by phytoplankton, which includes absorption 
by both photosynthetic and non-photosynthetic pig- 
ments. The quantity c,,@) is computed using informa- 
tion on the concentrations of the various pigments 
found in the sample and their associated weight- 
specific absorption coefficients (Bidigare et al. 1990), 
as follow;: 

where a&(h) is the weight-specific absorption coeffi- 
cient of the mth pigment in solvent at wavelength h, 
c, is the concentration of the mth pigment, np  is the 
total nimbkr of NPPs in the sample and n is the total 
number of all pigments in the sample (Babin et al. 
1996).?!The corrected spectrum a,&) was used to-ap- 
proximate both the absorption.coefficient for photo- 
synthetic pigments and to correct for the emission 
spectrum of the lamp used in our P-I experiments. 
~hotos~nthesis-irradiance experiments. At each of 

the time-series stations, P-I experiments were per- 
formed on samples collected at several depths to 
obtain information on the vertical changes in the pho- 
tosynthetic parameters within the euphotic zone. Ex- 
perimental data were then fitted to the- equation of 
Platt et al. (1980) to obtainthe 2 parameters that char- 
acterise the shape of the photosynthesis-irradiance 

. . 
curve: the initial slope (aB) and the photosynthetic rate 
at saturating irradiance (P:). 

The emission spectrum of the tungsten-halogen lamp 
used in the P-I experiments-is not spectrally neutral, 
but is strongly wavelength-dependent, with an emis- 
sion minimum in the blue and an emission maximum in 
the red. Because a(h) is also wavelength dependent, 
the values of aB must be corrected for the .shape of the 
action spectrum and the shape of the emission spec- 
trum of the lamp (Dubinsky et al. 1986, Arrigo & Sulli- 
van 1992, Kyewalyanga et a l .  1997). To correct for 
these biases, the initial slope was multiplied by a cor- 
rection factor, which we designate as X. In view of the 
close correspondence between absorption and action 
spectra (Haxo & Blinks 1950), X is based on the ab- 
sorption spectrum of phytoplankton, and assumes that 
the maximum quantum yield of photosynthesis [$,(h)] 
is spectrally flat. 

The correction factor X is defined as the ratio of the 
unweighted, spectral-mean photosynthetic absorption 
of phytoplankton (a,,) to the mean photosynthetic 
absorption of phytoplankton weighted by the shape of 

the emission spectrum of the tungsten-halogen lamp 
(a,), and therefore is given by: 

The value of (a,,) was computed as follows: 

where a,,(h) is the absorption coefficient of photosyn- 
thetically-active pigments at wavelength h. The mean 
photosynthetic absorption of phytoplankton, weighted 
by the shape of the emission spectrum of the tungsten- 
halogen lamp, was obtained by: 

where IT is the spectral irradiance incident during the 
experiment. The photosynthetic absorption a,&), rather 
than total phytoplankton absorption aph(h), was used in 
the computation of X. In this respect, our calculation of 
correction factors differs from similar calculations by 
Dubinsky et al. (1986), Schofield et al. (1991), Babin et 
al. (1995) and Kyewalyanga et al. (1997). For compari- 
son with the earlier work, we did calculate correction 
factors using total absorption: they showed a strong 
depth dependence (Fig. 2), which appeared to be influ- 

X (Lamp Correction Factor) 

5 Oo Using up, 

- I . 0 
0 0  o o Using aph 

Fig. 2. Vertical profiles of the ratio Xused to correct values of 
aBfor the spectral quality of the incubation lamp. Open circles 
represent correction factors calculated using the total phyto- 
plankton absorption spectra a$,(h). Fdled circles represent 
correction factors calculated from photosynthetically-utilis- 
able absorption spectra a:&), which were obtained using 

the method described in Babin et al. (1996) 
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0 

Stn 100 
. . . . . . . . . Stn 200 

Stn 300 
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Stn 500 

I ' I  4: 
tr Fig. 3. Vertical profiles of salinity, temperature and density (aT) taken 

from the first CTD cast for Stns 100 to 500 

enced by the absorption by NPPs. The photosynthetic 
action spectrum should be unaffected by the presence 
or absence of NPPs and so it would be preferable to use 
the aps(h) spectrum to derive the correction factor. 

The Xvalues computed using aps(h) appear to be less 
variable with respect to depth than correction factors 
that were derived using the shape of aPh(h) (Fig. 2). 
This low degree of variation m the correction factor 
calculated using estimates of aps(h) is convenient in 
instances where there is no information on the absorp- 
tion and pigment properties of the phytoplankton 
accompanying measurements of aB. For values of aB 
where photosynthetic absorption was not obtained, a 
mean correction factor of 1.52 was applied. 

Chlorophyll a concentrations were determined on 
the same water sample used for the P-I experiments, 
from fluorescence of the pigment extracts before and 
after acidification in a Turner Designs fluorometer 
(Holm-Hansen et al. 1965). Although it has been re- 

ported that the presence of high concentra- 
tions of chlorophyll b can introduce a bias to 
measurements of chlorophyll a concentra- 
tions determined using the fluorometric 
method (Gibbs 1979), linear-regression 
analysis of all HPLC (CH) and fluorometric 
(CF) chlorophyll a data obtained in this study 
did not show any significant bias (CF = 
0.91CH + 0.02, r2 = 0.84). It should be noted 
that all P-I parameters were normalised to 
fluorometrically-determined chlorophyll a. 
Micromolar determination of NO, and No3 
concentrations were made on the same 
water sample using a Technicon Autoana- 
lyzera system. Vertical profiles of tempera- 
ture, salinity and chlorophyll a fluorescence 
were measured using a CTD (Sea-Bird Elec- 
tronics Inc.) and an in situ fluorometer 
(Chelsea Inc.). 

Measurements of downwelling, vector 
spectral irradiance obtained using the Ad- 
vanced Spectral Irradiance Meter (ASIR) 
(Wernand & Spitzer 1987) at 22 spectral 
bands were used to tune the light-attenua- 
tion algorithm presented in Sathyendranath 
& Platt (1989). Using the algorithm, spectral 
irradiance was integrated over the visible 
wavebands to obtain a value of photosynthe- 
tically-active irradiance at depth z [PAR(z)]. 
The rate of decrease in the logorithm of 
PAR[K(z)] was also computed and multi- 
plied by depth z to arrive at an estimate of 
optical depth (c). 

RESULTS 

Hydrological conditions of sampling area 

For all of the stations, density profiles determined by 
CTD measurements reveal the presence of a well- 
defined mixed layer (Fig. 3). In all cases, the mixed- 
layer depths were found to lie well above the euphotic 
depth. At the 2 western-most stations (100 and 200), a 
stronger density gradient was present than that ob- 
served at the 3 eastern-most stations (300, 400 and 
500). The differences in density profiles observed at 
these sites are caused primarily by differences in the 
vertical structure of salinity. 

The presence of a subsurface chlorophyll maximum 
is a common characteristic of the open-ocean environ- 
ments in the (sub)tropics (Cullen 1982, Herbland 1983) 
and was observed in the vertical profiles of fluoromet- 
rically determined chlorophyll a concentration (Fig. 4). 
Concentrations of chlorophyll a were extremely low 
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0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 ,0.4 
0 

Stn 200 
40 

80 

120 120 

160 160 

the chlorophyll maximum ranged 
from 75 m at Stn 100 to 110 m at Stn 
300. 

The vertical structure of nitrate con- 
centration was characteristic of olig- 
otrophic conditions, with concentra- 
tions within the mixed layer usually 
falling below the limit of detection. Ni- 
tricline depths ranged from about 80 m 
at Stn 100 to 150 m at Stn 300 (Fig. 4) 
and, like the depth of the chlorophyll 
maximum, oscillated vertically under 
the influence of internal waves. 

I I I 

Stn 300 
- i Pigment composition 
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. *e  
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. *  
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E 80 
W 

B 
8 120 

Q. 
1'60 

Vertical gradients in both the inten- 
sity and spectral quality of the under- 
water irradiance field are known to 
cause changes in pigment composition 
and concentration, as well as shifts in 
species composition (Wood 1985, Veld- 

200 " huis & Kraay 1990, Claustre & Marty 
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4 1995, Partensky et al. 1996). The strat- 

0 - ification of different algal populations 
500 and their associated pigments within 

40 - the water column will influence the 

80 - 
vertical structure of the optical and 
photo-physiological characteristics of 

120 - 1 -24  microalgae.~herefore, vertical varia- 
tions in pigment composition and con- 

160 - 
. #.E!!!l. centration data to develop were examined a better understand- using HPLC 

200 - ing of the variability in the bio-optical 
properties of phytoplankton that were 

Fig. 4. ~ e a n  vertical profiles of fluorometrically determined chlorophyll a con- measured in this study. , 

centration for Stns 100 to 500. Bars represent one standard error from the mean The high abundance of Prochloro- 
value. Marked on each profile is the depth of the euphotic zone (upper horizon- coccus cells was evident in the results 
tal line) determined using spectral irradiance measurements and the light-atten- obtained by HpLC analysis, Divinyl 
uation algorithm of Sathyendranath & Platt (1989), and the mean depth of the C~~orophyl l  a (DVChl-a), a pigment 
nitricline (lower horizontal line), which we define as the first depth at which the 

nitrate concentration exceeds 0.5 pM marker of Prochlorococcus, contri- 
buted substantially to the total chloro- 
phyll a (TChl-a, the sum of DVChl-a 

throughout the water column at all of the stations, and Chl-a) concentration: the ratio of DVChl-a to TChl- 
ranging from.<0.1 mg chl a m-3 at the surface to be- a concentration exceeded 50% in several of t h e  pig- 
tween 0.23 and 0.36 mg chl a m-3 at the chlorophyll ment samples. Another diagnostic pigment of 
maximum. A time series constructed from depth- prochlorophytes, divinyl chlorophyll b (DVChl-b), was 
resolved, fluorometrically determined chlorophyll a also abundant: at the DCM over 80% of the total 
concentrations and in situ fluorescence measurements chlorophyll b (TChl-b) concentration was in the form of 
taken from the CTD meter revealed a vertical oscilla- DVChl-b. 
tion of 20 to 30 m in the chlorophyll and fluorescence Changes in pigment composition with depth were 
maximum. The periodic fluctuations in the fluores- noted in profiles of accessory-pigment concentrations 
cence and chlorophyll peaks were likely caused by the normalised to TChl-a pigment concentration. Profiles 
presence of internal waves. On average, the depth of of the TChl-b to TChl-a ratio (TChl-b/'TChl-a) (Fig. 5a) 
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19' But l TChl-a 

0.0 0.2 0.4 0.6 

Zeax l TChl-a 
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+ Stn 300 
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Fig. 5. vertical profil~s of total chlorophyll a (TChl-a) normalised concentrations of (a) total chlorophyll b (TChl-b), (b) zea- 
xantlun (Zeax), (c) 19'-butanoyloxy-fucoxanthin (19' But) and (d) 19'-hexanoyloxy-fucoxanthin (19' Hex) for Stns 100 to 500 

reveal a trend typical of stratified oligotrophic condi- 
: tions, with deeper samples having very high TChl-b/ 

I TChl-a ratios, in some cases exceeding a value of 1. 
.... . This is in agreement with similar studies of picoplank- 
4 ton-dominated oligotrophic waters (Goericke & Repeta 

1993, Lazzara et al. 1996, Partensky et al. 1996). 
Another group of pigments whose relative importance 
increased.with depth was the carotenoids 19'-butan- 
oyloxy-fucoxanthin and 19'-hexanoyloxy-fucoxanthin 
(Fig. 5c,d). These pigments, present in eukaryotic 
cells, have an absorption spectrum very similar to that 
of the measured spectral distribution of irradiance at 
the depth at which'they become significant. 

In contrast, chlorophyll-normalised concentrations of 
the NPP zeaxanthin (Fig. 5b) decreased slowly from 
the-surface to above the DCM, and rapidly within and 
below the pigment maximum. Zeaxanthin was the 
most abundant NPP present at all 5 stations, contribut- 
ing over 80% of the total NPP concentration. Phaeo- 
pigments, which were, present at barely detectable 
concentrations, made a negligible contribution to the 
total amount of NPPs. 

By calculatingthe weight-to-weight ratio of NPPs to 
total pigments, referred to as the NPP index (Babin et 
al. 1996), one can assess the relative importance of NPPs 
with respect to total pigment concentration (Fig. 6). All 
stations exhibited similar NPP index profiles, both in 

Fig. 6 .  Weight-to-weight ratio of non-photosynthetic pigment 
to total pigment concentration (NPP index), as a function of 

optical depth (c) for the 5 main stations 

NPP index 
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Stn 200 

' shape and magnitude. The NPP index approached val- around 470 to 480 nm and 650 nm. Pronounced shoul- 
ues of 0.4 at the surface and decreased gradually with . ders of absorption' at the blue-and red regions of the 
increasing optical depth (dimensionless), which is spectrum found in samples collected deeper in the 
defined as the product of the attenuation coefficient of water column correspond to the wavelengths at which 
downwelling irradiance K,, (m-') and depth z (m). chlorophyll b absorbs strongly. As we have seen in the 

pigment data, total chlorophyll b concentrations in- 
crease markedly with depth relative to the other pig- 

Effect of accessory pigments on a$(h) ments. Therefore, these differences in the shapes of 
the absorption spectra can be ascribed to the high con- 

To examine the within-station differences in the centrations of chlorophyll b at depth (Bricaud & Stram- 
spectral shape of aEh(h), absorption coefficients at each ski 1990, Hoepffner & Sathyendranath 1992, Lazzara et 
wavelength were normalised with respect to the al. 1996, Allali et al. 1997)., 
absorption coefficient of phytoplankton at 440 nm ~eaxanthin was another pigment that exhibited a 
[aih(440)] (Fig. 7). The regions of the absorption spec- substantial vertical change,in its chlorophyll a-normal- 
tra where 'the spectral shapes diverge are located ised concentration. This NPP absorbs strongly in the 

blue region of the absorption spectrum. 
Since the 440 nm waveband is commonly 
used in various optical algorithms, we ex- 
amined the relative influence of NPPs on 
the magnitude of aPh(440), by plotting the 
percentage of absorption by NPPs at 440 nrn 
against. the logarithm of irradiance at local , 

noon. The results, summarised in Fig. 8, 
showed a clear correlation between the per- 
cent absorption of NPPs at 440 nm and the 
logarithm of irradiance. Note that Fig. 8 is 
constructed using what we know of the ab- 
sorption properties of pigments in solvents, 

E 400 500 600 700 and does not account for any potential vari- 
C ability in the in vivo absorption properties of 
0 
d Stn 300 pigments. These data are consistent with 
d 
0 
Y 

1 - those obtained in other studies conducted in 
a oligotrophic marine waters (Hoepffner & 
. - - Sathyendranth 1992, Sosik & Mitchell 1995, 

F! Babin et al. 1996, Allali et al. 1997) that at- 

i? tribute a significant portion of the vertical 

c change in the chlorophyll-specific absorp- 
0 .- tion coefficient to the relative concentration 
't 

0. of NPPs. a 
2 400 500 600 700 The ratio of maximum absorption by 

phytoplankton in the blue to that in the red 
region was also strongly influenced by the 

1 varying proportions of NPPs. When the ra- 
tios between the blue and the red peak 
heights [aph(440)/aPh(6?6)] were plotted 
against the NPP index, a clear trend was 
present (Fig. 9): an increase in the NPP in- 
dex resulted in a corresponding increase in 
aPh(440)/aph(676). This result is plausible: 

0 since absorption by the NPP zeaxanthin is 
400 500 600 700 400 500 600 700 confined to the blue part of the spectrum, 

any increase in the concentration of zeaxan- 
Wavelength (nm) thin would result in an increase in absorp- 

Fig. 3. Phytoplankton absorption spectra normalised to 440 nm for all sam- tion coefficients at thk blue region 
ples collected at Stns 100 to 500 to the red. 
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Irradiance (pm01 quanta m-2 S-') 

Fig. 8.,~s.timates of percent absorption by non-photosynthetic 
pigments (NPPs) at 440 nm at depth zplotted against nud-day 
values'of photosynthetically active irradiance at depth z. 
Absorphon by NPPs was obtained using the method of Babin 
et al. (1996). Irradiance values were obtained using the light- 
attenuation algorithm of Sathyendranath & Platt (1989). Mea- 
surements of in situ spectral irradiance at different wave- 
bands were used to tune the underwater-irradiance model 

(see Bouman et al. 2000) 

.. Effect of pigment packaging 

~ l t h o u ~ h  the magnitude of aEh(h) is strongly influ- 
enced by the relative concentrations of accessory pig- 
ments, pigment packaging can also be an Important 
contributor to variation in the chlorophyll-specific ab- 
sorption coefficient of marine phytoplankton. Pigment 
packaging is a function of 2 properties of the cell: its 
size and its intracellular pigment concentration (Duy- 
sens 1956, Platt & Jassby 1976, Morel & Bricaud 1981). 
An increase in either the cell size or the intracellular 
pigment concentration will result in a corresponding 
decrease in the absorption efficiency of phytoplankton 
pigments (Duysens 1956, Platt & Jassby 1976, Morel & 
Bricaud 1981, Sathyendranath et al. 1987). This de- 
crease in the in vivo specific absorption of aggregated 
pigments, compared with that of the same quantity of 
pigment evenly dispersed in solution, is referred to as 
the package or flattening effect (Kirk 1976). The pack- 
age effect is strongest in regions of the spectrum where 
absorption is highest and vice versa (Morel & Bricaud 
1981). 

One method used to assess the degree to which pig- 
ment packaging affects phytoplankton absorption is to 
compare the in vivo specific absorption coefficient for 

chlorophyll a at the red peak (676 nrn) with the specific 
absorption coefficient of pure chlorophyll a at 676 nm 
in acetone (Bricaud et al. 1995, Mali  et al. 1997). The 
comparison requires that absorption by pigments other 
than chlorophyll a be excluded. To achieve this, the in 
vivo phytoplankton absorption spectrum was first par- 
titioned into contributions from the principal pigments 
or pigment groups present. We followed the method 
outlined in Hoepffner & Sathyendranath (1993), which 
has the advantage of taking into account the Gaussian 
shape and position of the absorption bands of the 
chlorophylls. In applying this technique, it was partic- 
ularly important to separate contributions by chloro- 
phylls a and b (whose absorption bands overlap at 
676 nm), which were both prominent in the pigment 
samples. Estimates of in vivo specific absorption coeffi- 
cient of chlorophyll a obtained using the spectral de- 
composition method were consistently greater than the 
absorption coefficient of unpacked pure chlorophyll a 
at 676 nm in solvent (0.021 m2 mg-I chl a) (Morel & 
Bricaud 1981) (Fig. 10). The implications of these re- 
sults will be discussed later in the paper. 

Variation in the photosynthetic parameters 

The magnitudes of the photosynthetic parameters 
exhibited clear depth-dependence at all 5 stations. 
Vertical profiles of a' were low at the surface, slightly 

Stn 100 
0 Stn 200 

Stn 300 
v . Stn 400 

Stn 500 

7 - L 4 - 

0.0 0.1 0.2 0.3 0.4 ' 

NPP index 

Fig. 9. Relationship between the ratio of the absorption coeffi- 
cients of phytoplankton at 440 and 676 nrn, a,h(440)/a,h(6f6), 
and the weight-to-weight ratio of non-photosynthetic pig- 

ment to total pigment concentration (NPP index) 
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p' (676) (m2 [mg chl a]-') 

Fig. 10. Vertical profiles of in. vivo specific absorption coeffi- 
cient for chlorophyll a at 676 nm pB(676) 

!. k 

9 
increasing towards the DCM (Fig. l l) ,  and then in- 
creasing more rapidly within and below the DCM. On 
average, a &fold change in aB was observed, from the 
surface to below the DCM. The photosynthetic capa- 
city (P:) and the photoadaptation parameter (Ik) de- 
creased in magnitude with increasing depth (Fig. ll). 
The variation in P: with depth was about 5-fold, with 
values ranging from close to 6 mg C mg-' chl h-' at the 
surface to values slightly < 1 mg C mg-' chl h-' below 
the DC.M. The quantity Ik exhibited a roughly 10-fold 
variation with depth, with values ranging from about 
400 pm01 quanta m-' S-' at the surface to 40 pm01 
quanta m-2 S-' at 100, m. 

aB [mg C (mg chl a)-' 
(yrnol quanta m-' S-')] 

0.00 0.04 0.08 

The influence of environmental variables on the P-I 
parameters was examined using multiple, linear-regres- 
sion analysis. This statistical model assumes a linear 
relationship between the dependent and independent 
variables. Although some studies have shown non-lin- 
ear correlations between the photosynthetic parame- 
ters and different environmental variables, multilinear 
models can be a useful tool to distinguish which vari- 
able or group of variables may be suitable predictors of 
photosynthetic performance in a particular hydro- 
graphic region. Using the statistical package SystatB, a 
stepwise, backward, multiple, linear regression was 
executed using 5 predictor variables: temperature, 
optical depth, the ratio of the maximum absorption in 
the blue and red region of the spectrum (an index of 
photoadaptation), nitrate concentration (an index of nu- 
trient concentration) and distance from the nitricfine (a 
potential index of nutrient flux). Because the photosyn- 
thetic parameter P: exhibited die1 patterns in its mag- 
nitude, only P i  values obtained from samples col- 
lected near local noon were used in the regression 
analysis. The results of the analysis are shown in Table 2. 
The best set of predictors for aB was nitrate concentra- 
tion and optical depth, whereas distance from the nitri- 
cline and optical depth were the best set of predictors 
for the parameter P:. The best single predictors of aB 
and P: were nitrate concentration and optical depth, 
respectively. 

DISCUSSION 

The vertical structures of pigment composition, pho- 
tosynthetic response and optical properties of marine 
phytoplankton in the oligotrophic ocean are governed 

p: 
[rng C (mg chl a)-' h-'] 

0 2 4 6  

Ik 

(ymol quanta m-' S-') 
0 200 400 600 

80 

120 

Fig. 11. Mean vertical profiles of photosynthetic efficiency aB, photosynthetic capacity P i ,  and the photoadaptation parameter Ik, 
calculated from data collected at Stns 100 to 500. Error bars represent *l standard error 
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by several different physical and chemical factors that 
vary with depth. CO-variance between these forcing 
factors prohibits one from ascribing the variation 
observed in the physiological properties of the phyto- 
plankton to any single environmental factor (Sosik 
1996). However, simultaneous measurement of several 
key physico-chemical and biological quantities per- 
mits examination of the relationships and patterns that 
occur between biological properties and the environ- 
mental conditions that regulate them. By comparing 
relationships established on the basis of observations 
in the field with single-factor relationships obtained in 
the laboratory using cultures, we can try to elucidate 
the primary environmental variables controlling pri- 
mary production in the subtropical ocean (Sosik 1996). 

Photoacchation of the phytoplankton cells is evi- 
dent in the vertical profiles of chlorophyll a specific 
pigment concentrations. When compared with chloro- 
phyll a, the concentration of chlorophyll b increased 
markedly with depth. A large component of this verti- 
cal ,*crease in total chlorophyll b concentration was 
caused by the photoacclimation of Prochlorococcus. 
~ccumulation of high amounts of divinyl chlorophyll b 
in low-light acclimated Prochlorococcus cells has been 
documented in both field and laboratory experiments 
(Partensky et al. 1993, Claustre & Marty 1995, Moore 
et al. 1995, 1998, Lazzara et al. 1996). 

Increasing concentrations of chlorophylls a and b 
with depth, and probably absorption by yellow sub- 
stances (Bouman et al. 2000), resulted in a vertical shift 
in the- spectral irradiance field from the blue-green to 
the green:This was accompanied by a decrease in the 
chlorophyll a normalised concentration of total chloro- 
phyll b pigment and an increase in chlorophyll a nor- 
'malised concentrations of the carotenoids 19'-hexa- 

noyloxy-fucoxanthin and 19'-butanoyloxy-fucoxanthin. 
These carotenoids have an absorption spectrum that is 
much broader (400 'to 535 nm) compared with the 
chlorophylls. Thus, the eukaryotic algae containing 
these pigments can more effectively absorb the photo- 
synthetically available irradiance, whose spectral shape 
closely resembles that of the carotenoid pigments. 
However, it is difficult to separate the influence of the 
vertical changes in the spectral quality of the under- 
water irradiance field from vertical changes in the 
intensity of light (Kirk 1994). Moreover, introduction of 
nitrate from the deep water may also promote the 
abundance of eukaryotic cells at the bottom of the 
photic zone (Claustre & Marty 1995). 

Zeaxanthin is another pigment whose chlorophyll- 
normalised concentration varied significantly with 
depth. It has been shown both in field (Veldhuis & 
Kraay 1990) and laboratory culture studies, using both 
Prochlorococcus (Babin et al. 1996) and Synechococcus 
(Kana et al. 1988), that the intracellular concentration 
of this pigment shows minimal variation when cells are 
grown under different light conditions. Therefore, part 
of the variation of chlorophyll-normalised zeaxanthin 
concentration with depth could be caused by the accu- 
mulation of higher amounts of chlorophyll a within the 
cell, with the intracellular concentration of zeaxanthin 
remaining relatively stable. 

Variation in phytoplankton absorption 

The vertical changes in pigment composition de- 
scribed above have a marked influence on the absorp- 
tive properties of the phytoplankton. Our interest in 
both the shape and magnitude of algal absorption is 

2-fold. First, the chlorophyll-specific ab- 

Table 2. Results of backward, stepwise, multiple, hear-regression analysis for 
the photosynthetic parameters aB and PE. Data were pooled over all depths 
and stations with the exception that only P! values obtained from samples 
collected near local noon werg used to eliminate the influence of strong die1 
changes in this quantity. Predictor variables used in the analysis were temper- 
ature (T, "C), optical depth for PAR (6 ,  dimensionless), concentration (N, 
uM) and distance from the nitracline ID, m). Shown are the variables selected . , ~. , 

at the 0.05 significance level and the multiple, hear-regression equation. The 
r2 values re~resent  the fraction of the total variance ex~lained bv the inde~en-  
dent variables; n is the number of observations. Also shown are the best single 
predictors of aB and P:, their corresponding linear-regression equation, r2 

value and sample size 

sorption coefficient of phytoplankton, 
afh(h), is a fundamental input parameter 
in models of underwater light attenua- 
tion (Platt & Sathyendranath 1988, More1 
& Andre 1991), and hence we are inter- 
ested to know its typical magnitude and 
natural variation. Second, the shape of 
the absorption spectrum is often used to 
approximate the photosynthetic action 
spectrum of phytoplankton in spectral 
models of primary production. Using 

aB N, 5 0.004 + 0.004N+ 0.026 0.78 sakshaug et alT (1991) and Sosik  it- 
c, D 3.24 - 0.446 + 0 . 0 2 0  0.87 33 5 2  1 chell (1995) suggested that absorption 

Dependent Independent Regression r2 n 
variable variable(s) equation 

quantum-corrected, scaled fluorescence 
excitation spectra as a proxy for absorp- 
tion by photosynthetic pigments a&), 

aB N 0.011 + 0.005N 0.69 52 
p! 6 4.88 - 0.666 0.76 33 

by NPPs can introduce a bias in estima- 
tions of the spectral dependence of a(h) 
when aPh(h) is used to approximate its 
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shape . and, consequently, in computations of primary 
production. Therefore, the degree with which NPPs 
may influence the shape of should not be 
ignored. 

In general, there are 2 main sources of variation in 
the magnitude and shape of a;h(h): changes in pig- 
ment composition and changes in pigment packaging 
(Sathyendranath et al. 1987, Bricaud et al. 1988, Mit- 
chell & Kiefer 1988). Both sources of variation in the 
absorption coefficient of marine phytoplankton were 
examined in the present study. 

Pigment composition 

Comparative studies of the optical properties of 
phytoplankton conducted in different regions of the 
open ocean have shown that the highest values of 
a;h(440) are found at the surface of highly stratified, 
picoplankton-dominated waters (Bricaud & Stramski 
1990,-. Hoepffner & Sathyendranath 1992, Sosik & 
Mitchefl 1995, Babin et al. 1996, Lazzara et al. 1996, 
Allali et al. 1997, Stuart et al. 1998). There are 2 
reasons why this is so. First, smaller cells have lower 
pigment packaging than larger cells of the same intra- 
cellular pigment concentration, leading to a higher ab- 
sorptive efficiency per unit pigment (Platt & Jassby 
1976, Morel & Bricaud 1981). Second, high proportions 
of the NPPs, relative to chlorophyll a, are present in. 
surface .waters. In this study NPPs constituted over 
40% of the total pigment weight (Fig. 6) within the 
mixed layer and were estimated to contribute approxi- 
mately half of absorption by phytoplankton at 440 nm 
in surface samples (Fig. 8). 

An increase in the concentration of chlorophyll b 
relative to chlorophyll a with depth resulted in an in- 
crease in the chlorophyll-specific absorption coeffi- 
cients in the wavebands of chlorophyll b absorption 
(Fig. 7). The shoulders found at 470 to 480 and 650 nm, 
which are characteristic of samples taken in the deeper 
layers of blue subtropical waters (Bricaud & Stramski 
1990, Hoepffner & Sathyendranath 1992, Lazzara et al. 
1996, Allali et al. 1997), are caused by a marked in- 
crease in the concentration of divinyl chlorophyll b 
within and below the DCM. 

Pigment packaging 

Mathematically, pigment packaging has been ex- 
pressed, as a function of 2 optical properties of phyto- 
plankton: cell size and intracellular pigment concen- 
tration (Platt & Jassby 1976, Morel & Bricaud 1981). 
Thus, the package effect can be calculated from the 
average cell diameter, cell number and pigment con- 

centrations (More1 & Bricaud 1981). To estimate -. the 
magnitude -of the -package effect in field samples 1s 
more difficult, since the size distribution and abun- 
dance of phytoplankton are often unknown. One 
means of estimating the effect of pigment packaging 
on the absorption spectrum of, a mixed assemblage of 
cells is to compare the chlorophyll-specific absorption 
at the red absorption peak, which occurs at 676 nm, 
with the specific-absorption of pure chlorophyll a in 
acetone, which is 0.0207 m2 (mg chl a)-' (Bricaud et al. 
1983, 1995, Allali et al. 1997). Absorption at the 676 nm 
waveband is due predominantly to chlorophyll a; the 
influence of accessory pigments on it is usually minor 
when compared with that on the blue absorption peak. 
However, in cases where interference by auxiliary pig- 
ments is substantial at 676 nrn, a correction should be 
applied to derive the absorption due to chlorophyll a 
alone, since it is this that must be compared with the 
absorption of pure chlorophyll a in solution. 

The in vivo pigment-specific absorption coefficient 
for chlorophyll a at 676 nm [pB(676)] obtained using the 
Gaussian decomposition method of Hoepffner & Sathy- 
endranath (1993), was found to be greater than the 
absorption coefficient for chlorophyll a in acetone 
(Fig. 10). Three types of errors might contribute .to 
these high values of pB(676). 

First, the correction for the influence of accessory 
pigments on the magnitude of the red absorption peak 
could be in error. If the Gaussian decomposition 
method underestimated the contribution of chloro- 
phyll b to phytoplankton absorption at the 676 nm 
waveband, this would lead to an overestimation of 
pB(676). Second, the application of an unsuitable p-cor- 
rection factor could also result in the overestimation of 
pB(676). 

Although there is no direct way to determine 
whether chlorophyll b was adequately accbunted for in 
the 'decomposition of the absorption spectra, there did 
appear to be a strong relationship between the chloro- 
phyll b peak height at ca 650 nm determined by the 
Gaussian decomposition method and the chlorophyll b 
concentration. Linear regression of the peak heights at 
650 nm and chlorophyll b concentration data yielded 
an r2 value of 0.84. Furthermore, values of pB(676) ob- 
tained from surface samples, which had negligible 
concentrations of chlorophyll b, were as high as values 
of pB(676) derived from samples collected at depth that 
contained extremely high concentrations of chloro- 
phyll b. Therefore, a priori, we have no reason to sup- 
pose that the high values of pB(676) reflect residual 
influence of chlorophyll b on the decomposed peak. 

Studies by Moore et al. (1995) and Allali et al. (1997) 
have shown that applying a p-factor derived from 
diatom cultures to absorption measurements of pico- 
plankton cells retained on a filter could result in a sig- 
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nificant overestimation of phytoplankton absorption in 
suspension (Moore et al. 1995, Allali et al. 1997). Our 
pathlength-amplification algorithm takes into account 
the contribution of small and large cells to total absorp- 
tion based on the proportion of total chlorophyll a con- 
centration that is divinyl chlorophyll a, and applies 
separate p-factors to the samples accordingly. How- 
ever, the algorithm does not consider the possibility 
that divinyl chlorophyll a-containing prochlorophyte 
cells would have a higher absorption efficiency than 
the other groups of phytoplankton containing regular 
chlorophyll a (More1 et al. 1993). This could, in turn, 
lead to an overestimation of a,,@). 

It is apparent from these results that there remains a 
high level of uncertainty associated with the applica- 
tion of p-factors to field-based measurements of phyto- 
plankton absorption. Resolving this problem wiU re- 
quire a greater understanding of the variation in the 
relationship between absorption measurements con- 
ducted on a filter and those done in suspension. 

Extremely high absorption efficiencies could also 
ariseJ*$ instances of incomplete extraction of the chlo- 
rophyg a pigment. Maske et al. (1996) found that for 
Synechococcus cells the extraction of chlorophyll a 
was not as efficient as for eukaryotic cells. If this diffi- 
culty of pigment extraction also applies to Prochloro- 
coccus, then any negative bias introduced to our 
chlorophyll a data could also result in an overestimate 
of aEh(h). 

If we accept 0.0207 m2 (mg chl a)-' as an upper limit 
for the specific absorption coefficient of chlorophyll a, 
then .+r estimates of pB(676) would be biased. How- 
ever,the value 0.0207 m2 (mg chl a)-l relates to absorp- 
tion by chlorophyll a in acetone and a degree of uncer- 
tainty remains as to the true absorption coefficient of 
unpacked chlorophyll a within phytoplankton cells. 
Johnsen et al. (1994) reported unpacked absorption 
coefficients of protein-bound chlorophyll a at 676 nm 
of 0.027 m2 (mg chl a)-' in cultures of dinoflagellates, 
and suggested that pigments attached to proteins may 
be more efficient at harvesting light energy than when 
detached. 

Variation in. the P-I parameters 

Accompanying the vertical changes in the pigment 
composition and optical properties of subtropical 
phytoplankton, there was also a strong depth depen- 
dence in physiological response of the algae to avail- 
able irradiance (Fig. 10). At all 5 stations there was a 
progressive vertical change in the photosynthetic 
parameters within the mixed layer, indicating that the 
rate of vertical mixing was slower than the rate of pho- 
toacclirnation (Cullen & Lewis 1988). In oligotrophic 

subtropical waters, the slow rate of vertical mixing, 
combined with the presence of extremely small cells 
with low sinking rates, allows phytoplankton cells to 
maintain their vertical position in the water column 
long enough to allow the cells to become acclimated to 
ambient light conditions. 

Within and below the DCM, a sharp change in the 
parameters is seen: aB increased, whereas P: and Ik 
decreased. Such patterns in the photosynthetic para- 
meters are characteristic of stratified, open-ocean con- 
ditions and are usually attributed to photoacclimation 
of cells to the irradiance field (Falkowski 1980, Platt et 
al. 1980, Cullen et al. 1992, Babin et al. 1996). Yet, as 
we have seen in the data presented in the current 
study, in addition to the vertical gradients of irradi- 
ance, vertical changes in both algal community com- 
position and nutrient concentrations also occur, and 
are known to cause variation in the P-I parameters. 
Therefore, it is important to keep in mind that the 
observed variation in the magnitude of these parame- 
ters with depth probably results from a combination of 
several biological and physico-chemical factors, as wiU 
be discussed next. 

Relationship between the P-I parameters and 
environmental CO-variables 

Several environmental variables are known to affect 
the physiological status of phytoplankton cells. There- 
fore, one might expect that vertical gradients in such 
physico-chemical properties as nutrient concentration, 
light and temperature that are found in (sub)tropical 
waters would have an impact upon the vertical struc- 
ture of the physiological parameters of phytoplankton. 
Isolating the variance in aB and P: caused by any single 
environmental variable from those caused by changes 
in other environmental and biological properties is 
often not possible. In many cases 1 environmental va- 
riable CO-varies with several others; this frustrates 
attempts to determine the cause of variation in the 
physiological parameters (Sosik 1996). 

However, by using a multiple, linear-regression ap- 
proach we can attempt to determine the key environ- 
mental factors that can serve as predictors of photosyn- 
thetic performance in the natural environment (Sosik 
1996, Kyewalyanga et al. 1998). The results of such 
analyses can then be compared with those found in 
laboratory studies to determine whether such relation- 
ships are physiologically meaningful. If robust rela- 
tionships between a few commonly measured, pre- 
dictor variables and the P-I parameters could be 
established for a given region and season, then our 
ability to extrapolate the P-I parameters over large 
hydrographic regions would be greatly enhanced. 
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In this study, optical depth and either nitrate concen- 
tration or distance from the nitricline were the best set 
of predictors of the photosynthetic parameters PfC, and 
aB, respectively (Table 2). In general, the signs of the 
partial correlation coefficients concur with experimen; 
tal observations with the exception of the positive cor- 
relation between distance from the nitricline (D) and 
P:. The positive correlation between D and PfE, is likely 
caused by a high correlation between optical depth 
and D. As a single predictor, optical depth could still 
account for 76% of the total variance in PE. The best 
single predictor of the intial slope aB was nitrate con- 
centration, which could explain 69 % of the total vari- 
ance. These results also correspond well with those of 
other studies that examined the natural variability in 
phytoplankton photosythetic response to changes in 
environmental conditions. Sosik (1996) reported that a 
large portion of the total variance 'in maximum quan- 
tum yield could be predicted by temperature, optical 
depth and distance from the nitricline. Babin et al. 
(1996) reported a strong correlation between maximum 
quantum yield and.nitrate concentration. Results from 
a study conducted by Platt et al. (1992) also showed a 
strong relationship between nitrate concentration and 
aB. 

At the spatial scale examined in this study it would 
appear that the physiological parameters can be pre- 
dicted by a few routinely measured variables. The 
apparent robustness of these relationships suggests 
that the 5 stations sampled were subject to the same 
physical forcing during the period sampled. The pre- 
dictable nature of both the optical and physiological 

of the phytoplankton assemblages sampled 
provides promise that the variation in the P-I parame- 
ters may be expressed using more-commonly mea- 
sured environmental variables. 

Concluding remarks 

One of the major problems faced by modellers of pri- 
mary production is extrapolation of physiological and 
bio-optical parameters over sparsely-sampled regions, 
such as the subtropical Atlantic (Longhurst et al. 1995, 
Sathyendranath et al. 1995). The photosynthetic and 
bio-optical properties of phytoplankton, as well as the 
physio-chemical variables that influence them, are 
known to vary in space and time. Therefore, whenever 
possible, effort should be made to obtain information 
both on the magnitude and variation of the physiologi- 
cal parameters and absorptive properties of phyto- 
plankton and on the environmental variables that can 
be used as predictors of this variation. Such studies will 
further our understanding of the principal mechanisms 
regulating photosynthesis in the marine environment 

as well asiimprove upon our parameterisation of the 
optical and photosynthetic of phytoplankton 
in models ofprimary production. One of the major aims 
of this study was to examine the spatial variation of 
several of the key biological parameters used in photo- 
synthesis models throughout a large region of the sub- 
tropical open ocean. 

Results obtained. at 5 stratified, subtropical stations 
show similar vertical patterns in algal abundance and 
community composition, optical and photosynthetic 
characteristics over large spatial scales. The constancy 
in species and pigment composition was reflected in 
the vertical structure of the chlorophyll-specific ab- 
sorption coefficients of the phytoplankton. The depth- 
dependent change in a$(440) was pronounced and 
was shown to be influenced strongly by the presence 
of the NPP zeaxanthin. The strong absorption by NPPs 
observed in the present study has been documented in 
other optical studies of subtropical waters (Babin et al. 
1996, Lazzara et al. 1996, Allali et al. 1997). The per- 
centage of absorptionby NPPs appeared to be highly 
correlated to irradiance: such consistent trends may be 
exploited in the construction of primary production 
models. 

Although dividing the world ocean intoregions char- 
acterised by particular physical and biological proper- 
ties may be, at present, the, most favourable strategy 
for incorporating spatial and  temporal variation in P-I 
parameters into models of primary production (Long- 
hurst et al. 1995, Sathyendranath et al. 1995), there is 
still promise that, in the future, P-I parameters may be 
predicted from more-commonly-measured environ- 
mental variables (Platt & Sathyendranath 1993, Sosik 
1996). Previous studies have shown that the correla- 
tions between environmental variables and photosyn- 
thetic parameters are not universal, but vary both spa- 
tially and temporally (e.g. Kyewalyanga et al. 1998). 
However, if robust seasonal trends can be established 
for oceanic domains that are subject to different physi- 
cal forcings, we may be able to incorporate this infor- 
mation into computations for each separate region. 
Such a strategy can be used both to model and to pre- 
dict marine primary production on basin to global 
scales. The results'obtained from this study region sug- 
gest that, by incorporating information on some com- 
monly-measured environmental variables, a signifi- 
cant portion of the total variation in the P-I parameters 
can be predicted. 
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