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Spectral absorption coefficients of living phytoplankton and 
nonalgal biogenous matter: A comparison between the 
Peru upwelling area and the Sargasso Sea 
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Laboratoire de Physique et Chimie Marines, Universite Pierre et Marie Curie, CNRS URA 353, BP 8, F 06230 
Villefranche-sur-Mer, France 

Abstract 
Absorption coefficients of total particulate (biogenous) matter were determined in the meso- 

trophic waters of the Peruvian upwelling and the oligotrophic waters of the Sargasso Sea. A method 
based on spectral criteria was used to partition these coefficients into absorption by living algal 
cells and by nonalgal (mainly detrital) material. This method was tested by independently measuring 
absorption by nonalgal material for samples from the Sargasso Sea. 

The average Chl-specific absorption coefficients measured in the Sargasso Sea are significantly 
higher than in the Peruvian upwelling and also higher in the surface layer than in the deep Chl 
maximum layer. These systematic variations appear to be mainly due to differences in sizes and 
intracellular pigment concentrations ofthe cells, inducing differences in the amplitude ofthe package 
effect. 

In the open ocean, particulate biogenous 
matter dominates the optical variability of 
the water column. This suspended matter 
includes two types of particles present in 
variable proportions and having different 
spectral properties: living pigmented algal 
cells, and weakly pigmented or unpigment- 
ed particles mainly derived from phyto- 
plankton as well as other living heterotrophs 
such as bacteria. These two categories will 
hereafter be referred to as the “algal” and 
“nonalgal” fractions. 

Unlike the absorption coefficients of the 
pigments extracted from natural popula- 
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tions of phytoplankton, which are easily 
measurable, much uncertainty still remains 
because of methodological difficulties about 
absorption coefficients of intact, living cells. 
These absorption coefficients must be known 
to interpret the inherent (absorption) or ap- 
parent (ditfuse attenuation coefficient, col- 
or) optical properties of the ocean, to model 
the photosynthetic capacities and growth 
rates of natural phytoplankton populations 
(e.g. Kiefer and Mitchell 1983) and to 
“physiologically” model primary produc- 
tion (Morel 1989). 

Absorption coefhcients of biogenous 
matter can be inferred indirectly from ap- 
parent optical properties as measured at sea 
(Bukata et al. 1981; Prieur and Sathyen- 
dranath 198 1). Such an approach, however, 
is limited to ,the surface layer and does not 
permit algal and nonalgal fractions to be 
discriminated. Direct (spectrophotometric) 
measurements of the spectral absorption 
coefficients of water samples have been at- 
tempted. Because particle concentrations in 
the natural environment are generally low, 
such determinations require preconcentra- 
tion. According to Kirk (1980), particles can 
be concentrated onto a membrane filter and 
then resuspended in a small volume with 
an efficiency of -90%. In general, however, 
recovery of particles may not be quantita- 
tive, and the procedure is hardly usable for 
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Biogenous particle absorption 563 

routine measurements at sea. Concentra- 
tion may also be obtained by centrifuga- 
tion-also with questionable efficiency 
(Weidemann and Bannister 1986). 

The method initiated by Yentsch (1962), 
who collected marine particles on mem- 
brane filters cleared with cedar oil, was 
modified by Triiper and Yentsch (1967), 
who concentrated cultured bacteria on glass- 
fiber filters before measuring their absorp- 
tion directly on the wet filter. This latter 
method is now widely used for natural phy- 
toplankton populations (e.g. Yentsch and 
Phinney 1982; Dubinsky et al. 1984; Carder 
and Steward 1985; Lewis et al. 1985, 1988; 
Maske and Haardt 1987). Thus a large 
amount of data presently exists concerning 
spectral absorption by natural phytoplank- 
ton assemblages. 

Unfortunately, most of these results can- 
not be used quantitatively because “path- 
length amplification” due to multiple scat- 
tering inside the filter has been either ignored 
or set to an arbitrary value. This pathlength 
amplification or “/!I factor,” evidenced, by 
Butler (1962), is defined as the ratio of op- 
tical to geometrical pathlength. It is very 
close to 1 for dilute suspensions, provided 
that multiple scattering is negligible, i.e. that 
the optical thickness, cr (where Y is the geo- 
metrical pathlength and c the attenuation 
coefficient) is < 0.1 (van de Hulst 19 5 7). For 
samples concentrated on stacked halves of 
filters, /3 was found to be as high as 6 (Kiefer 
and SooHoo 1982). From measurements on 
algal cultures, Kishino et al. (1985) deter- 
mined /3 to vary between 2.5 and 4.7 with 
species and found good agreement between 
spectral patterns of absorption measured on 
the suspension and on the filter, suggesting 
nearly constant /3 with wavelength. Con- 
versely, Mitchell and Kiefer (1984, 1988a) 
established an inverse relationship between 
the 0 factor and the optical density of the 
particles on the filter, with numerical coef- 
ficients dependent on the filter type. A sim- 
ilar relationship had already been observed 
by Clarke (1982) for aerosol particles con- 
centrated on Nuclepore filters. It implies that 
/3 is spectrally variable for a given sample. 
The major mechanisms determining the 
amplitude of @ remain poorly understood. 

When evaluating absorption coefficients 

of living algal cells only, a second meth- 
odological problem is discrimination be- 
tween algae and other particles. In most of 
the above-mentioned studies, such discrim- 
ination was not attempted. Kiefer and 
SooHoo (1982) tried to separate, by mul- 
tiple regression, the contribution to absorp- 
tion of particles covarying with Chl a and 
that of particles covarying with pheopig- 
ments; the latter is supposed to represent 
absorption by small detrital particles pres- 
ent in the euphotic zone. Pheopigments are 
rapidly photo-oxidized (SooHoo and Kiefer 
1982a, b), however, so these pigments are 
not reliable indicators of detrital concentra- 
tion, as outlined by Mitchell (1987). From 
simultaneous measurements of absorption 
and fluorescence excitation spectra and a 
statistical relationship between these spec- 
tra for living phytoplankton, Mitchell (1987) 
partitioned absorption into fluorescing phy- 
toplankton and nonfluorescing detritus con- 
tributions. Bidigare et al. (1989) “recon- 
structed” an absorption spectrum for living 
phytoplankton by using the published in 
vivo absorption coefficients ofthe main pig- 
ments and assuming a reduction of these 
coefficients by 30% due to the package ef- 
fect. By subtracting this reconstructed spec- 
trum from the experimental absorption 
spectrum of total particulate matter, they 
derived absorption by nonalgal particles. 

The first study, to our knowledge, dedi- 
cated to experimental discrimination be- 
tween absorption by pigmented and non- 
pigmented matter retained on a filter was 
made by Konovalov and Bekasova (1969). 
They attempted to remove the pigments 
either by washing with a mixture of organic 
solvents or by applying UV radiation. Rc- 
cently, Kishino et al. (1985,1986) measured 
the absorption coefficients of marine par- 
ticles concentrated on a glass-fiber filter be- 
fore and after immersion in methanol. After 
methanol extraction, the residual absorp- 
tion is due to unpigmented particles but also 
to nonextractable pigments (phycobilins) 
and to bleached cells; likewise the differ- 
ence of absorption before and after extrac- 
tion is due not only to in vivo pigments 
extracted from living cells but also to (ex- 
tractable) pheopigments and detrital carot- 
enoids present in debris. Therefore, the algal 
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564 Bricaud and Stramski 

and nonalgal fractions cannot be identified 
unambiguously and quantified easily with 
this method. 

The microphotometric technique recent- 
ly developed by Iturriaga et al. (1988) per- 
mits determination of the elhciency factors 
for absorption, Qn, of individual living or 
detrital particles. A partition of absorption 
into phytoplanktonic and detrital compo- 
nents can then be performed by multiple 
regression (Iturriaga and Siegel 1988) under 
the proviso that representative mean values 
of Q, can be obtained for both (living and 
nonliving) populations. In practice, this 
technique requires tedious measurements 
on many individual particles and is restrict- 
ed to particles ~2.5 pm in diameter. There- 
fore, its application to routine field studies 
seems to be impractical, especially since the 
major fraction of absorbing particles in the 
ocean may be ~2.5 pm. 

These methodological difficulties empha- 
size the need to develop indirect approaches 
as alternatives to experimental methods. We 
here present a method based on spectral cri- 
teria for evaluating the algal and nonalgal 
contributions to absorption. This method 
was applied to absorption coefficients of to- 
tal particulate matter measured in two con- 
trasting water types: mesotrophic waters of 
the Peruvian upwelling dominated by living 
phytoplankton in the upper layer, and oli- 
gotrophic waters of the Sargasso Sea con- 
taining a significant amount of biogenous 
detritus. At both sites, the terrigenous in- 
organic particle concentration is negligible 
(except in case of episodic atmospheric in- 
puts), and the total absorption is attribut- 
able only to phytoplankton, other organ- 
isms, and their remains. At the first site, the 
respective contributions of algal cells and 
other particles were estimated only indi- 
rectly. During the second cruise the same 
method was applied, and in parallel these 
respective contributions were determined 
experimentally according to the direct 
method developed by Kishino et al. (1985). 
‘This method, albeit imperfect, presently 
seems to be the sole possibility for obtaining 
experimental values for algal and nonalgal 
absorption with reasonable precision and 
accuracy. The values determined with this 
direct method therefore allow the efficiency 

of the spectral decomposition method to bc 
tested. 

The aim of this paper is thus to describe 
and evaluate the reliability of the indirect 
method for partitioning the overall absorp- 
tion into contributions due to ,the algal and 
nonalgal fractions, to study the variability 
of the absorption coefficients of both algal 
cells and nonalgal particles in two different 
water types, and to compare these absorp- 
tion coefficients with published data con- 
cerning natural or cultured phytoplankton 
and detrital particles. 

Materials and methods 
Sampling-Measurements in the Peru- 

vian upwelling area were carried out during 
the Paciprod-J. Charcot cruise (first part, 
August-September 1986) on two transects 
in the area 16.15”-8”s and 84.10”-75.3O”W; 
50 samples were collected at 10 stations at 
various depths ‘between 0 and 400 m. 

In the Sargasso Sea, measurements were 
made during the Chlomax-Suroit cruise 
(Sepi.ember-October 1987) along a 6 1”W 
transect from 20”-3O”N; 64 samples were 
collected at 15 stations between 0 and 250 
m. For both cruises, absorption measure- 
ments and pigment extractions were made 
nearly simultaneously. 

Absorption measurements -Seawater 
volumes of 0.25-1.5 liters (Paciprod sam- 
ples) or 3-l 0 liters (Chlomax samples) were 
filtered onto 25-mm glass-fiber filters 
(Whatman GF/E). Optical densities of total 
particulate matter, OD,(X), were measured 
directly on the wet filters by the method of 
Triiper and Yentsch (1967) with a double- 
beam recording spectrophotometer Perkin- 
Elmer 571 in the spectral range 380-750 
nm. The filter was placed in front of a dif- 
fusing window adjacent to an end-on pho- 
tomultiplier of large surface area. An un- 
used, wetted filter was taken as a reference 
blank and baseline variations were auto- 
matically corrected. The spectral resolution 
was 1 nm, and optical densities were digi- 
tized at 2.5-nm intervals. During a scan (<4 
min), the wetness of the filters remained es- 
sentially unchanged. Relative variations in 
wetness between the sample and reference 
filters were likely, however, to be the source 
of negative values observed in the infrared 
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Biogenous particle absorption 565 

for Paciprod samples. For Chlomax sam- 
ples this drift was minimized by soaking the 
filters for l-l .5 h in filtered seawater before 
use. 

This drift was corrected for Paciprod 
samples by re-estimating the optical density 
at 750 nm, OD,(750), for each sample with 
an empirical law derived from Chlomax 
data: 
OD,(750) = 0.6[0D,(380) - OD,(505)]. 
The rationale for such a relationship is that 
OD,(750) as well as OD,(380) - OD,(505) 
are attributable mostly to detritus, as will 
be discussed later. Measurements on un- 
used filters showed that the drift was quasi- 
neutral throughout the spectrum, so the op- 
tical densities measured for each Paciprod 
sample were shifted at all wavelengths by 
setting OD,(750) to its estimated value. 

After the measurement of OD,(X), and 
only for Chlomax samples, the spectral ab- 
sorption by nonalgal material was measured 
separately with the method of Kishino et al. 
(1985). The filter was placed in absolute 
methanol at 4°C for 45-60 min in order to 
extract pigments. The bleached filter was 
dried and then soaked again in filtered sea- 
water for 1 h. The same treatment was ap- 
plied in parallel to the reference filter. Then 
the filters were placed in precisely the same 
geometrical position as before and optical 
densities of the bleached material, OD,(X), 
were recorded. The efficiency of the meth- 
anol treatment in extracting pigments was 
estimated by Kishino et al. (1985) to be at 
least 90-95%. Incomplete extraction results 
in a slight overestimate of absorption by 
nonalgal material and thus in an underes- 
timate of absorption by living algal cells. 

The optical density of pigments can be 
assumed to be zero at 750 nm, so the 
OD,(750) value was adjusted to OD,(750), 
and the OD,(X) values were shifted accord- 
ingly at all wavelengths. Then the optical 
densities OD&) or OD,(h) were trans- 
formed into absorption coefficients a,(A) or 
a,(X) according to the relationship 

a,&) = 2.3 oDrP,dwmfiw)i (1) 
where s is the clearance area of the filter, V, 
the volume of filtered seawater, and p(X) the 
pathlcngth amplification factor (Mitchell 

Significant symbols 

Wavelength, nm 
Optical density of sample in suspension 
Optical density of sample on filter 
Optical density of total particulale matter 

on filter 
Optical density of detrital (or nonalgal) 

matter on filter 
Pathlength amplification factor 
Clearance area of the filter, m2 
Volume of filtered seawater, m3 
Absorption coefficient of total particulate 

matter, m ’ 
Absorption coefficient of nonalgal matter, 

m-l 
Absorption coefficient of extracted pig- 

ments, mm’ 
Absorption coefficient of living phyto- 

plankton, mm1 
Absorption coefficient of living phyto- 

plankton per unit of (Chl a + pheo a) 
concn, m* [mg (Chl a + pheo a)]-’ 

Exponent in the spectral absorption law 
for detrital matter, nrn-’ 

Particle diameter, pm 
Intracellular (Chl a + phco a) concn, kg 

m-3 
Wavelength of the red absorption maxi- 

mum, nm 
Amplitude of the red absorption maxi- 

mum normalized by the (Chl a t pheo 
a) concn, m’ [mg (Chl a + pheo a)] I 

and Kiefer 1984). The term V@s represents 
the actual pathlength of light passing the 
sample. (Definitions and units are given in 
list of symbols.) 

The absorption coefficients of viable phy- 
toplankton, a,,,(A), were obtained by sub- 
tracting the absorption by the bleached mat- 
ter, a,(X), from the absorption by total 
particulate matter, a,(A). Finally these coef- 
ficients were converted into “Chl-specific” 
coefficients [a,,*(A)], i.c. divided by the (Chl 
a + pheophytin a) concentration. For pig- 
ment determinations, aliquots of each water 
sample were filtered on GF/F filters. They 
were analyzed fluorometrically (Turner 5 12) 
on methanol extracts for Paciprod samples 
and spectrofluoromctrically on acetone ex- 
tracts for Chlomax samples. During the 
Chlomax cruise, a comparison between ace- 
tone and methanol extraction efficiencies 
revealed no systematic bias (J. Neveux pers. 
comm.). Spectrophotometric measure- 
ments (on acetone extracts) were also per- 
formed on some replicate samples of both 
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566 Bricaud and Stramski 

0 .05 .I0 .15 

OPTICAL DENSITY ODt 

Fig. 1. Variations of the pathlength amplification 
factor p occurring inside GF/F filters vs. optical density 
of the sample on the filter for different phytoplankton 
cultures. Curves l-3 were obtained by comparing spec- 
tral absorption coefficients measured on GF/F filters 
and on dilute suspensions. Points are spaced by 2.5 
nm intervals in wavelength; the hysteresis effect is 
manifested as characteristic loops. The curve obtained 
by Mitchell and Kiefer (1988~) is plotted for compar- 
ison (dashed lint). Data from Mitchell and Kiefcr were 
obtained with GF/C filters; this curve was plotted by 
assuming that the optical density measured on a GF/F 
filter is on average 1.3 times higher than on a GF/C 
filter (Mitchell 1987). 

cruises in order to obtain information on 
the carotenoid : Chl a ratio. 

Fluorometric determinations were made 
by calibrating the fluorometer with pure Chl 
a (Sigma); spectrofluorometric measure- 
ments were performed with the method of 
Neveux and Panouse (1987). When spec- 
trophotometry was used, Chl a and c con- 
centrations were determined according to 
Jeffrey and Humphrey (1975), carotenoid 
concentrations according to Richards and 
Thompson (1952), and relative proportions 
of Chl a and pheophytin a according to Lo- 
renzen (1967). 

It must be emphasized that some uncer- 
tainty persists for the Chl concentrations 
determined within the deep maximum layer 
in the Sargasso Sea. It is due to the presence 
in this layer of small, red-fluorescing cells 
probably belonging to the division of Pro- 
chlorophyta, which have been identified by 
flow cytometry (Neveux et al. 1989). These 
cells contain a divinyl Chl a-like pigment 
with a fluorescence excitation maximum 
shifted by about 5 nm toward higher wave- 
lengths compared to that of Chl a. When 
we consider their high number density with- 
in the deep Chl maximum (one order of 
magnitude higher than that of other types 

of cells), their presence could result in an 
underestimate of the Chl a concentration of 
up to 30% (J. Neveux pers. comm.). 

Estimation of the pathlength ampiifcca- 
tion -factor B-For cultured species, p can 
easily be determined by comparing the 
spectral optical densities of a given sample 
measured on a filter (ODr) and on the sus- 
pension (OD,). If the suspension is suffi- 
ciently diltrte so that multiple scattering is 
negligible, /I is simply equal to OD, x s x 
r/(01), X Vr), where r is the pathlength in 
the suspension (see Eq. I). 

At weak OD, (<0.20-0.25) /3 varies sig- 
nificantly among species (Fig. I), i.e. pre- 
sumably according to the absorption and 
scattering properties of particles. Part ofthe 
variability may also be due to imprecision 
in estimating fi in regions of low absorption 
(low OD, and OD, signals). Furthermore, 
even for a given species, the relationship 
between @ and OD, is equivocal: /3 values 
differ at the same OD, values over varying 
wavelengths, which one could refer to as a 
“hysteresis effect” for different spectral rates 
of change in absorption. When OD, > 0.2, 
curves for different species are in better 
agreement with p values varying weakly 
around 2. 

This trend is also confirmed by B deter- 
minations performed on 10 Chlomax sam- 
ples. Particles were first collected onto a 0.2- 
pm Nuclepore filter and resuspended in a 
small volume of filtered water (&, to % *,,,, 
of the initial volume) by direct rubbing with 
a glass rod and 2-3 min of gentle ultrason- 
ication (Kirk 1980; Davies-Colley 1983); the 
absorption spectrum of the suspension, 
OD,(X), was measured. A given volume of 
this concentrate was then refiltered onto a 
GF/F filter and the absorption spectrum 
OD&) measured on the filter. This proce- 
dure for determining p was designed to avoid 
errors due to incomplete resuspension of the 
particulate material in the original sample. 
Furthermore, the resuspension procedure 
does not introduce any apparent qualitative 
changes in the particulate community be- 
cause OD, spectra for particulate matter in 
the original and resuspended sample have 
very similar shapes. ,B values, based on data 
in the range 400-500 nm, were between 1.7 
and 2 and varied only weakly with X [be- 
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PACIPROO St. 33 (0 m) 

.oDI , , , , , , , , , , , , , IO 
400 500 600 700 

ldl?lbdZl /ml 

Fig. 2. Influence of the spectral variations of /3 on 
the spectral values of absorption by particulate matter, 
aP. The dashed-line spectrum was obtained by assum- 
ing ,fl constant (=3). The solid-line spectrum was ob- 
tained by computing fi according to Eq. 2. The cor- 
responding values of @ are shown as a dotted line. 

yond 500 nm, the instability of the signal 
from the spectrophotometer operated at sea 
did not allow reliable measurement of 
OD,(X)]. Interestingly, the /3 values for the 
samples from the mixed layer and aphotic 
zone tended to be slightly lower than those 
for the deep Chl maximum. 

At this stage the complicated behavior of 
/3 could not be incorporated for correcting 
the measured absorption spectra, so an av- 
erage relationship, /3 vs. OD, with values 
around 2 in the ODf range 0.20-0.30 has 
been adopted. We believe that adopting such 
a relation is a reasonable first approxima- 
tion, especially at sufficiently high OD, 
(>0.204.25). It must be kept in mind, 
however, that at low OD, a,(X) might be 
seriously in error due to uncertainty in p. 
The relationship determined by Mitchell and 
Kiefer (1988a) which appears on Fig. 1 as 
intermediate among the different curves was 
chosen and fitted to the function 

/3(A) = 1.63 ODXX)-O.**, (2) 
which was used to convert the measured 
OD,,,(h) values into ao,&) values (see Eq. 
I). Spectral variations of /3 have a significant 
influence on a.&) values (Fig. 2). 

Indirect estwnation of relative contribu- 
tions of algal and nonalgal material to over- 
all particulate absorption- When absorp- 
tion by detrital matter is not directly 
measured (Paciprod cruise), an indirect 

400 5m mo 700 
lamd.3 lnml 

Fig. 3. Spectral values of absorption coellicients of 
total particulate matter, a,(h), and living phytoplank- 
ton, a,,,(A), measured in the surface mixed layer (O-60 
m) of the Sargasso Sea during the Chlomax cruise and 
normalized at 380 nm. The spectral values of up were 
measured on GF/F filters and corrected for pathlength 
amplification. The spectral values of uVh were obtained 
by also measuring the absorption coefficients of non- 
algal particulate matter, a,,(A), and then subtracting ad(A) 
from a,(A). 

method must be used to assess the respec- 
tive roles of the algal and nonalgal fractions. 
Our method makes use of the shape of the 
a,(X) spectrum. On one hand, it is apparent 
(Fig. 3a) that a,(X) values exhibit (variable) 
ascending values toward the short wave- 
lengths (on which the absorption signatures 
of phytoplanktonic pigments are superim- 
posed). They result in a violet-to-green ra- 
tio, e.g. a,(380 nm): a,(500 nm), varying 
from 1.2 to 1.75 (Fig. 3a). On the other 
hand, when considering absorption by only 
living cells, up,, (Fig. 3b), the same violet- 
to-green ratio is lower (- 1) and (except in 
one sample) remarkably constant. The same 
observations are also valid for the yellow- 
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568 Bricaud and Stramski 

to-red ratio (say, 580 nm : 700 nm). This modified by a flattening of the absorption 
finding suggests that the generally ascending spectrum. 
values of ap toward short wavelengths are The ratios best filling the above condi- 
due to detrital matter and that a partition tions for the spectra shown in Fig. 3b (N = 
of total absorption between the algal and 31) are 
nonalgal fractions could be possible on the 
basis of the information contained in the a&505) : a,,(380) = 0.99 (SD 0.10) (3a) 
slope of the ap spectra. 

Criteria for selecting the wavelengths in- and 

volved in these ratios are that the absorp- a&580) : a,,(692.5) = 0.92 (SD 0.16). (3b) 
tion by accessory pigments must be mini- 
mal, that ,the values of these ratios must be 
close to 1 for living phytoplankton, and that 

Besides the postulate that the general in- 

the wavelengths in each ratio must be suf- 
crease of ap toward short wavelengths is due 

ficiently spaced to estimate the ap slope with 
only to nonalgal material, an assumption is 

sufficient accuracy. 
required concerning the spectral dependen- 

The rationale for having a minimal ab- 
cy of absorption by this material. The fol- 

sorption by accessory pigments is that these 
lowing exponential expression is adopted: 

ratios must be free as far as possible from a,(X) = A exp( - SX) (4) 
the infuence of variations in pigment com- where A and S are variable. This formula- 
position, whatever the population. There is 
no wavelength, obviously, where this con- 

tion is consistent with the results of previous 

dition can be strictly fulfilled. Nevertheless, 
studies where the similarity between the 

for narrow spectral domains around 380, 
spectral absorption properties of detrital 

510, 580, and 700 nm, variations in the 
particles and those of dissolved yellow sub- 

carotenoid : Chl a ratio should have a weak 
stance has been emphasized (Yentsch 1962; 

effect on both ratios because carotenoids do 
Kirk 1980; Davies-Colley 1983). This as- 

not absorb light around 580 and 700 nm 
sumption is again fully supported by the 

and absorb only weakly around 380 and 5 10 
shape of the ad spectra measured for Sar- 

nm. Chl b and c also have negligible ab- 
gasso Sea samples (Fig. 4a) as well as by the 

sorption at these wavelengths. The presence 
ap spectra observed for deep samples from 
p 

of phycobilin pigments (e.g. phycoerythrins 
eruvian waters when algae are scarce (Fig. 

with an absorption maximum between 545 
4b). 

and 565 nm, O’Carra and O’hEocha 1976) 
By combining the above assumptions into 

-might modify both ratios. In spite of the 
the relatiollship 

ascertained presence of Synt?c~ococcus cells a&) = a,@) - a,&4 
.in the upper layer (Neveux et al. 1989), ab- 
sorption bands ofphycoerythrin were hard- 

we obtain the following equations: 

ly detectable in the experimental a ph spectra A exp( - 380 S) - A exp( -. 505 S) 
(Fig. 3b) and cannot significantly influence 
the ratios considered. Practically, small 

= a,(380) - a,(505) - O.OlaJ380); (5a) 

variations in these ratios only weakly influ- A exp(-580 S) - A exp(-692.5 S) 
ence the retrieved values of ad(X) and a,,@) = aJ580) - aJ692.5) 
(see later). + 0.08aJ692.5). (5b) 

The rationale for choosing ratios close to 
1 is that they must not be affected by the Therefore, under the proviso that A (or 
discreteness or package effect, i.e. the flat- equivalently ad at a given wavelength) and 
tening effect that can be induced by an in- S vary independently, which is evidenced 
crease of either cell size or of intracellular by Fig. 5 for experimental data ~from the 
pigment concentration (Morel and Bricaud Sargasso Sea, the contributions of algal and 
198 1). Provided that the absorption coef- nonalgal materials to overall absorption can 
hcients have the same values for the two be estimated for each~sample by solving the 
wavelengths in question, their ratio is not following system of equations (equivalent 
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Biogenous particle absorption 569 
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Fig. 4. Spectral values of absorption by nonalgal 
particulate matter a,(x) measured for Sargasao Sea 
samples and total particulate matter a,(A) obtained for 
deep samples from the Peruvian upwelling ama. 

toEq. 5aandb)forAandS: 

0.99A exp(-380 S) - A exp(-505 S’) 
= 0.99aP(380) - a,(505), (5c) 
A exp(-580 s) - 0.924 exp(-692.5 s) 
= a,(580) - 0.92aJ692.5); (54 
and then computing at each wavelength (e.g. 
Fig. 6): 

a,(X) = A exp(-SX) + a,(750) 
- A exp(-750 S), (64 

a,@) = apO - a&l. 0) 
The term [a,,(750) - A exp(-750 s)] in Eq. 
6a means that, as for experimental data, the 
computed values of a&) are shifted at all 
wavelengths in such a way that a,(750) 
equals aJ750). 

One advantage of this method is that the 
Spectral shapes of aPh and a,, are allowed to 
vary because the system is constrained only 
at two pairs of wavelengths. This flexibility 

0.016 

: 

t 
2 
u1 

0.007 

.+ 
+* 

l l +t 
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+* 

+* + 
+*{ l * 

+ . 
+ + 

+ +*+ + + 
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l l + l * + l + + 

l t 
+ 

*+ l 
c 

+ 
+ 
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0.00 ad (380 nm) Cm-‘) 0.01 

Fig. 5. Variations of the exponent S in the spectral 
absorption law of nonalgal material, a.&), measured 
for Sargaaso Sea samples vs. the amplitude of absorp- 
tion at 380 nm, ~~~(380). The values of S have been 
estimated from the decrease of the experimental ab- 
sorption values between 380 and 700 nm. 

is necessary for reconstructing a,(X) prop- 
erly, even in a restricted region. Although 
a&505) = a&380) for most of the samples, 
the ratio a&440) : a,,,,(380), for instance, 
undergoes large variations (by a factor of 
2.3) due to the combined influences of the 
package effect and pigment composition 
(Fig. 3b). 

Note also that this method could be sim- 
plified by replacing Eq. 5d by 

A exp(-750 s) = a,(750), 
which would be equivalent to the assumn- 

.O~, ., ., , . . . . ., , ., , ., , , , , 

PACIPROO 

Station 30 (0 ml 

lotida hmJ 

Fig. 6. Decomposition of the spectral values of ab- 
sorption coefficients of total particulate matter a,@) 
into absorption coefficients of nonal@ particks u,(h) 
and of liviq phytoplankton +,(A) shown for a sample 
from the Paciprod cruise. The spectral values of ad have 
been adjusted so that ~~(750) equals 4x&7.50), i.e. ~(750) 
= 0. 
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570 Bricaud and Stramski 

.061........,....,......, 
PACIPROO St. 30 (0 ml 
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Fig. 7. Influence of variations in the infrared back- 
ground value of absorption by particulate matter a,(A) 
on the spectral values of absorption by detrital matter 
a&) and of specific absorption by living phytoplank- 
ton a,*(A). Background optical density ODJ750) is 
computed with the equation OD,(750) = K[OD,(380) 
- OD,(505)] where OD, is the optical density of the 
sample on the filter. Values of K are indicated. 

tion ~~(750) = 0. The advantage of such a 
modification would be reduction of the 
number of assumptions because the use of 
the yellow-to-red ratio would become un- 
necessary. This approach cannot be applied 
in the present work because in the procedure 
used to estimate the infrared absorption 
background (Paciprod samples), ~~(750) 
and [a,(380) - a,(505)] are directly linked. 

Results and discussion 
Propagation ofpossible errors in the com- 

puted values of ad(X) and a&Q-For Paci- 
prod samples, the a,(X) and a,&) values 
were computed from optical densities mea- 

sured on total particulate matter with dif- 
ferent assumptions: infrared absorption was 
not directly measured but re-estimated with 
optical densities measured in the violet and 
green parts of the spectrum; fl was assumed 
to vary as a function of OD, according to 
Eq. 2; the spectral ratios a&505): a&(380) 
and a,(580) : aJ692.5)were assuxwd to be 
constant fmm one sample to another; and 
a,(A) was assumed to be exponentially de- 
creasing with ineraa&g h (plus a constant 
background). IUote that only the latter two 
assumptions are inherent to our decompo- 
sition method. Because deviations from 
these diverse assumptions may affect both 
a&) and a,*(A) nonlinearly, it is necessary 
to examine to what extent their values are 
sensitive to possible errors. For Chlomax 
samples, where a&lx) was experimentally 
determined, only the second assumption 
must be considered. 

Influence of background variations in in- 
frared absorption -The infrared back- 
ground of ap spectra was estimated for Pa- 
ciprod samples by assuming that OD,(7 50) 
is proportional to OD,(380) - OD&(505). 
The proportionality factor, K, evaluated 
from Chlomax samples (0.60) is somewhat 
variable with a standard deviation of 0.26 
(n = 63). A variation in the infrared back- 
ground modifies the values of OD,@) and 
consequently of @@) over the entire spec- 
trum. In practice, however, variations in K 
even if assumed (arbitrarily) to be kO.60 
(+ 100% of the mean) would have mper- 
cussions mainly on the infrared background 
of a&), while the exponent Q in a,(A) as 
well as the spectral values of aph*(X) would 
be little modified (Fig. 7). 

Influence of variations in the relation be- 
tween /3 and optical density-As expected, 
the choice of the @(OD,j function has a dras- 
tic influence on the a#) values and there- 
fore on the a&) values as well as the a&) 
values (in magnitude and steepness) (Fig. 
8a). Practically, the influence of the B fi.mc- 
tion on the aph* values is dependent on the 
range of variation of OD, considered and 
therefore varies from one sample to another. 
Consequently, the d&rent functions /3 vs. 
OD, have been applied individually to each 
sample, and an average specific absorption 
spectrum has been computed for each func- 
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Biogenous particle absorption 

(a) 
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a 
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(il ,6 -UWOOfJ-“‘22 
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400 500 600 700 
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Fig. 8. a. Spectral values of absorption by total particulate matter (a,) and detrital matter (ad) and of specific 
absorption by living phytoplankton (up,,*) for four different curves of fi vs. OD,, These curves, chosen to cover 
the large range of variation observed for /3 on monospecific algal cultures (see Fig. I), are shown in panel b. The 
corresponding values of the exponent S in a&) are indicated. b. Mean spectral values of (Chl a + pheo a)- 
specific absorption by living phytoplankton (Q*) for the Paciprod cruise (dashed lines) and for the Chlomax 
cruise (solid lines) for the same curves of @ vs. ODf as in panel a. 

tion and for both cruises (Fig. 8b). As ex- 
pected, the highest an,,* curves are obtained 
with the curve (3) that provides the lowest 
p values over most of the spectrum. For the 
samples from the Peruvian upwelling, con- 
sidering that @ varies according to function 
3 instead of function 1 of Fig. 8 enhances 
the specific absorption values by about 3 7% 
in the blue (around 440 nm) and by about 
27% around 675 nm. Conversely, consid- 
ering that p varies strongly with ODf (func- 
tion 2) decreases the specific values by 23% 
around 440 nm and by 35% around 675 nm. 

Similar variations are observed for sam- 
ples from the Sargasso Sea with a reduced 
range of variation of aDh* from curve 2 to 

curve 3 (Fig. 8b), first because measure- 
ments were generally made at higher OD, 
and second because the aph values were ex- 
perimentally determined and not computed 
[for Paciprod samples the p(ODJ curve in- 
fluences aph values also through the decom- 
position method]. We expect that the actual 
dependence of@ vs. OD,is less variable than 
shown in Fig. 8b for two reasons. First, in 
experiments performed on field samples 
from the Mediterranean Sea (Y.-H. Ahn 
pers. comm.) or from the Sargasso Sea, none 
of these samples has revealed as strong a 
dependence of p on OD, as observed on pure 
cultures (curves 2). Second, the highest 
aP,,*(A) curves (3 and 4, corresponding to ,!3 
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572 Bricaud and Stramski 

(a) 
.04-,..,,,,..,,,,,,,,,,, .a4 

+ - PACIPROO St. 30 (0 ml- c 
I 

1i1 0.88 0.0070 
12) il.20 O.Oa86 
(2) .I .40 0.0084 
14) 0.80 0.0068 
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Fig. 9. a. Spectral values of absorption by detrital matter (a3 and of specific absorption by living phyto- 
plankton (at) obtained by decomposing a total absorption spectrum, assuming different values of the green- 
to-violet ratio a,,(505) : a,,(380). The values of this ratio (gvr) and those obtained for the exponent S in ad(x) 
arc indicated. b. As in panel a for different values of the yellow.-to-red ratio a,,(580) : ~~~(692.5). The values of 
this ratio (yrr) and those obtained for the exponent S in a,@) are indicated. 

constant or weakly varying with OD,) ex- 
hibit absorption peaks around 675 nm that 
exceed the theoretical maximum, consid- 
ering that the height of this peak in vivo 
should not exceed that of Chl a in acetone 
solution (see Bricaud et al. 1983), i.e. 0.0206 
m2 mg-‘. Therefore, the corresponding 
B(ODJ functions are probably unrealistic, 
at least for the samples considered. It re- 
mains possible that variations of fi induce 
significant variations in a,(X) and a,,*(X), 
which should be kept in mind in all studies 
concerning absorption by particulate matter 
or living phytoplankton derived from mea- 
surements on filters. 

Irzfluence of variations in the green-to-vi- 
olet and yellow-to-red ratios for living phy- 
toplankton-The ratios a,,(505) : a&80) 
and a,,(580) : a&692.5) have been found to 
be nearly constant (respectively 0.99 and 
0.92) for samples from the surface layer in 
the Sargasso Sea (Eq. 3). They are antici- 
pated to vary from one a.rea to another, 
however, with the dominant species. From 
measurements on pure, pheopigment-free 
cultures (Bricaud and Morel 1986; Bricaud 

et al. 1988) these ratios are found to be 0.8 1 
(SD 0.10) and 1.01 (SD 0.14) (N= 10; phy- 
cobilin-containing species are excluded from 
these averages). Variation3 in the green-to- 
violet ratio from 0.8 to 1.4 modify aph* from 
< 15% around 440 nm and lead to insig- 
nificant variations in the green and red parts 
of the spectrum (Fig. 9a). A decrease of the 
yellow-to-red ratio from 0.92 to 0.5 modi- 
fies aph* by only a few percent throughout 
the spectrum (Fig. 9b). An increase of this 
ratio from 0.92 to 1.2, however, is respon- 
sible for significant enhancement of asp,,* in 
the blue and green parts of the spectrum (by 
- 20% around 440 nm). In practice, for each 
sample the effect of such variations becomes 
significant when one of the ratios ap- 
proaches the corresponding ratio for up [i.e. 
a,(505) : a,(380) or a,(580) : a,(692.5)]; this 
problem can be detected by noting anom- 
alous (close to 0 or >, 0.020) values of S. 
All variations of both ratios have an insig- 
nificant effect on absorption beyond 660 nm. 

Comparison between computed and ex- 
perimental values of a& and a,, (h) fir 
Sargasso Sea samples-The decomposition 
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Biogenous particle absorption 573 
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Fig. 10. a. Comparison of the spectral values of absorption by nonalgal material, a,(A), and by living 
phytoplankton, a,(A), as experimentally obtained with the method of Kishino et al. (1985) (solid lines), and 
computed by applying the indirect decomposition method to a,(X) (dashed lines; see text) for a surface-layer 
sample of the Sargasso Sea. The value obtained for the exponent S in a&) is indicated. Both experimental and 
computed values of a,(A) have been adjusted so that ~~(750) equals the measured value of ~~(750). b. (Chl a 4 
pheo a)-specific absorption coefficient of phytoplankton at 440 nm, +,*(440) (in m2 mg-I) as computed by 
applying the decomposition method to q,(X) vs. the same coefficient experimentally obtained with the method 
of Kishino et al. (1985) for the surface-layer samples (5-60 m) of the Sargasso Sea. 

method was tested on the Chlomax surface 
layer samples for which direct determina- 
tions of a,(A) were made. The experimental 
and computed values of a,(X) and therefore 
of a,,(X) were found to be in excellent agree- 
ment for most of the samples (Fig. 10). The 
mean square error on a,,*(440) is 0.0039 
m2 mg-‘, i.e. 3-8% of a,,*(440). Because the 
spectral criteria used, in the decomposition 
were established on these samples, the 
agreement between computed and experi- 
mental values suggests that, for this set of 
data, absorption by detrital matter is prop- 
erly represented as the sum of a term ex- 
ponentially decreasing with increasing X and 
a constant background. 

The partition of the aP spectra was also 
tested on samples from the Sargasso Sea 
taken in or under the deep Chl maximum 
(100-200 m). In this layer, phytoplankton 
populations as identified by flow cytometry 
are different from those present in the sur- 
face layer (mainly cells belonging to the di- 
vision of Prochlorophyta instead of cyano- 
bacteria and larger eucaryotic cells; see 
Neveux et al. 1989), and ap,, for these sam- 
ples exhibits a distinct behavior (see Fig. 
16). The ratios a,,(505) : a,,(380) and 
a,,(580) : a,,(692.5) are on average equal to 
0.78 (SD 0.12, N = 33) and 1.37 (SD 0.60), 

which represents significant divergence from 
the assumptions made for partitioning ap. 
For these samples, then, the discrepancies 
between computed and experimental spec- 
tra result from deviations both in the as- 
sumptions concerning the spectral behavior 
of ad and in those concerning the aph ratios. 

As expected, small deformations occur in 
the shapes of the recomputed aph and ad 
spectra (Fig. 11 a). Nevertheless, application 
of the decomposition method leads to ac- 
ceptable agreement between measured and 
computed values of a,,*(440) (Fig. 11 b), 
with a mean square error of 0.0032 m2 [mg 
(Chl a + pheo a)]-‘, i.e. 4-l 3% of aph*(440). 
We believe therefore that the use of the same 
assumptions for partitioning aP in the Pe- 
ruvian upwelling area and in the Sargasso 
Sea is justified as an approximation because 
changes in the pigment composition of phy- 
toplankton populations seem to have only 
small effects on the retrieval of aBh. Further, 
the exponential spectral dependency of ab- 
sorption by nonalgal particles does not ap- 
pear to be a serious constraint as long as the 
exponent S is allowed to vary. The predom- 
inant source of uncertainty in the computed 
values of aPh*(X) and a,(X) remains the p 
factor. 

Speccific absorption coejicients of living 
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Bricaud and Strarnski 
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Fig. 11. a. As Fig. lOa, but for a sample from the deep maximum layer of the Sargasso Sea. For this sample 
the ratios ~“~(505): a,,(380) and a.,,(580): aJ692.5) are 0.73 and 1.60. b. As Fig. lob, but for the deep samples 
(100-200 I$ of the Sargasso Sea.. 

phytopiankton for the Peruvian upwelling 
area-It is encouraging to note (Figs. 12 and 
13) that in the spectral domain (around 675 
nm) where the influences of pigment com- 
position and package effect are both re- 
duced, the mean absorption spectra for cul- 
tured phytoplankters and for natural 
populations of Peruvian waters exhibit sim- 
ilar values, -0.017 m2 [mg(Chl a + pheo 
a)]-‘. The specific absorption spectra of cul- 
tures have been measured directly on algae 
in suspension, so this result attests a pos- 
teriori that the values of p have, on average, 
been properly evaluated for the field sam- 
ples. 

The standard deviation values shown in 
Fig. 13 show variability in specific absorp- 
tion that can be attributed to three main 
causes. First, since absorption is normalized 
by the (Chl a + pheo a) concentration, vari- 
ations in the concentrations of accessory 
pigments (e.g. Chl b, c, carotenoids, phy- 
cobilins) may account for variations in the 
amplitude of ap,,*, especially in the blue part 
of the spectrum. Second, because the rela- 
tive proportions of Chl a and pheophytin a 
vary with station and depth and their re- 
spective absorption coefficients differ from 
one another at all wavelengths (see e.g. 
Mitchell 1987), normalization of absorp- 
tion coefficients to the sum (Chl a + pheo 
a) introduces some variability in apr,*. This 
problem is indicated by the exceptionally 
low LL* values obtained at 50 m for station 

34 (Fig. 12) where the pheophytin a con- 
centration is lo-fold higher than the Chl a 
concentration. Third, variations in size (d) 
and intracellular pigment concentration (ci) 
induce variations in the amplitude of aph*, 
especially in the blue, due to the package 
effect (Morel and Bricaud 198 1). This effect 
predicts that the absorption spectrum is 
“flattened” as ci or d increases. Variations 
in d or Ci result from either a change in the 
species composition within the algal pop- 
ulation or possibly from photoadaptation of 
cells inducing an increase of Ci in response 
to lower irradiance at greater depth. 

Figure 14 shows that part of the vari- 
ability (in the blue) is due to variations in 
the carotenoid content relative to Chl a. The 
ratio of carotenoid to (Chl a + pheo a) var- 
ies from -0.4 to 1 .O with station and depth 
for the Peruvian upwelling samples. These 
variations explain 35% of the variability in 
the blue-to-red ratio, a,,(440) : a&677.5). 
The fluctuations of the Chl b : Chl a and Chl 
c: Chl a ratios as well as those of the pheo 
a : Chl a ratio probably also contribute to 
this variability. 

Photoadaptation of cells seems to infu- 
ence the algal absorption properties in this 
area only weakly. Decrease of aP,,* with in- 
creasing depth is not systematic and is ob- 
served only occasionally. At station 34, no 
clear tendency in the aPh* values is observed 
for the 0-50-m layer (Fig. 12). At many sta- 
tions the ontical variabilitv is rather small 
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Biogenous particle absorption 
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Fig. 12. Upper panels: Spectral values of absorp- 
tion coefficients of total parliculate matter up (solid 
lines) and of nonalgal particulate matter ad (dashed 
lines) at different depths for Paciprod station 34. The 
spectral values of ad are obtained with the decompo- 
sition method (see text). Note the change in ordinate 
scale between a, and ad. Lower panel: Specitic spectral 
values of absorption by living phytoplankton uph* ob- 
taincd by subtracting for each sample a,(X) from a,(X) 
and normalizing the values by the (Chl a + pheo a) 
concentration (at 75 and 100 m these concentrations 
were not available). Vertical profiles of (Chl a + pheo 
a), Chl c, and carotcnoid concentrations (in mg rn. ‘) 
are shown in the inset. At most stations algal biomass 

Fig. 13. Mean spectral values of (Chl a + pheo u)- 
specific absorption coefficients ofliving phytoplankton 
(m2 mg-I) obtained for the Paciprod cruise (solid lint 
1; N = 27) and standard deviations (dashed line 1). 
Absorption spectra of deep samples with negligible pig- 
‘mcnt content or dominated by pheophytin were ex- 
cluded from the average. Corresponding curves (2) ob- 
tained on healthy cultures (iV = 13; see Bricaud 1989) 
are shown for comparison. 

between 0 and 30-40 m, probably as a result 
of vertical mixing active throughout the sur- 
face layer as corroborated by the vertical 
density profiles as well as the pigment pro- 
files (Fig. 12). 

Specific absorption co&cients of living 
phytoplankton for the Sargasso Sea-The 
Sargasso Sea samples exhibit strong vertical 

5 

: 
x4 

', m 
. . 

B 
3 

P 
', 

m 2 
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. Paciprod + 

+ Chlomax + 
*++ + 

+ + 
+ + 

++ + 
? * 

.- : . , .; + 

.> . . : . * * . . . . . . . . .* 

0.0 car : (Chl a + Pheo a) 1. 3 

Fig. 14. Variations of the ratio of the absorption 
coefficients of living phytoplankton at 440 nm and at 
the wavelength ofthe red maximum (675 or 677.5 nm), 
~~~(440) : a,,&,), vs. the ratio of carotenoid to (Chl a 
+ pheo a) concentrations. The circled point corre- 
sponds to a Paciprod sample dominated by pheophytin 
(station 34, 50 m) with very low red absorption. 

t 
was moderately high, 0.3-l .4 mg (Chl a + pheo a) m-j, 
and rather homogeneous between 0 and -40 m before 
decreasing at greater depths. 
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576 Bricaud and Stramski 

CHLOMAX 
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Fig. 15. Upper panels: Spectral values of absorp- 
tion coefficients of total particulate matter q, and of 
nonalg.al particulate matter rzd as experimentally ob- 
tained at different depths for Chlomax station 830. 
Note the change in ordinate scale between aP and ad. 
Lower panel: Specific absorption coefficients of living 
phytoplankton uPh* obtained by subtracting for each 
sample a&) from a,@) and normalizing the values by 
the (Chl a + pheo a) concentralion (at 250 m this 
concentration was not measurable and the specific coef- 
ficients could not be computed). Vertical profiles of 
(Chl a + pheo a), Chl h, and Chl c concentrations (mg 
m-‘) are shown in the inset. At all stations a deep Chl 
maximum, 0.2-0.4 mg (Chl a + pheo a) mm’, was found 

CHLOMAX 

11) 5 - 60 m 
(2) 100 - 160 m - 

. 
400 600 600 700 

1 ambda hml 

Fig. 16. Mean spectral values of (Chl u + pheo a)- 
specific absorption coefficients ofliving phytoplankton 
obtained for the Chlomax cruise (solid lines) in the 
surface mixed layer (curve 1; N = 22) and in the deep 
Chl maximum (curve 2; N = 21) with corresponding 
standard deviations (dashed lines). Note the change of 
ordinate scale from Fig. 13. 

structure with a Chl maximum at 120-130 
m (e.g. Fig. 1.5). The mean specific absorp- 
tion coefficients were computed separately 
for the surface mixed layer (O-60 m) and 
for the Layer of the deep Chl maximum (1 OO- 
180 m) (Fig. 16). The rationale is that the 
corresponding spectra at all stations show 
distinct patterns in that layer, especially 
around 480, 595, and 650 nm. Absorption 
bands of Chl b (around 480 and 650 nm), 
weak in the surface layer, become apparent 
in the deep layer due to systematic increase 
of the Chl b : Chl a ratio below 70 m (from 
lo-15% in the surface layer to generally 
>50% in the deep maximum; see Neveux 
et al. 1989 and inset in Fig. 15). The ab- 
sorption band around 595 nm, clearly ap- 
parent only in the deep layer, is probably 
related to the slight increase of the ratio of 
Chl c to Chl a below 100 m (see Neveux et 
al. 1989). The blue absorption maximum is 
shifted from 440 nm in the surface layer to 
-447 nm in the deep layer, consistent with 
the presence of prochlorophytes. According 
to Chisholm et al. (1988), the divinyl Chl 
a-like pigment contained in these cells pre- 
sents (in diethyl ether) an absorption max- 

c 
bctwcen 100 and 130 m at the bottom of the seasonal 
thermocline under an oligotrophic (co.1 mg m-‘) sur- 
face layer. 
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Biogenous particle absorption 577 

imum shifted by 8 nm toward greater wave- 
lengths compared to the Chl a maximum. 
Note that the red peak is also slightly shift- 
ed, from -677.5 nm in the surface layer to 
-675 nm in the deep maximum layer. 

The mean aph* values obtained in Sar- 
gasso Sea waters are higher in the blue by 
-60% (for the deep layer) or even 100% 
(for the surface layer) than those obtained 
for Peruvian waters. Figure 8b demon- 
strates that these differences are definitely 
significant even after taking into account 
uncertainty in the /3 factor, since they subsist 
whatever the /?(ODJ function in each area. 
At the maximum around 675 nm, specific 
absorption values are slightly higher for Sar- 
gasso Sea waters (0.020 and 0.022 m2 mg-’ 
for curves 1 and 2) than for Peruvian waters 
(0.017 m2 mg-I). 

Enhanced absorption in the Sargasso Sea 
compared to the Peruvian upwelling area, 
especially in the blue part of the spectrum, 
can be attributed to either or both of two 
phenomena: a higher concentration in ac- 
cessory pigments, mainly carotenoids (Chl 
b and c concentrations are negligible in the 
surface layer), and a weaker package effect. 
A third possible cause of variability, i.e. the 
effect of normalizing a=,, by the sum (Chl a 
+ pheo a), cannot be invoked because it 
would require that the proportion of pheo- 
pigments be systematically higher in Peru- 
vian waters than in the Sargasso Sea. This 
situation was not observed and would con- 
tradict the common assertion that the pro- 
portion of living phytoplankton tends to in- 
crease with pigment content (e.g. Smith and 
Baker 1978). 

The carotenoid: (Chl a + pheo a) ratio 
(Fig. 14) is generally higher in the Sargasso 
Sea (0.8-l .2) than in the Peru upwelling area 
(0.4-l .O). Enhanced blue absorption occurs, 
however, even for an identical carotenoid : 
Chl a ratio. For instance, when this ratio is 
equal to 0.9, the blue-to-red ratio varies be- 
twcen 2.6 and 4.0 for Sargasso Sea samples, 
instead of only 1.9-2.5 for Peruvian up- 
welling samples. A methodological artifact 
might be suspected because the global ca- 
rotenoid concentration is evaluated with a 
single equation (involving the absorption 
coefficients of acetone extracts at 480 and 
5 10 nm, Richards and Thompson 1952) 

-+. + 

+- 

5 :*. + f* 

+ +- 

2; 
0 1.3 Car : (Chla+PheOa) 1 

Fig. 17. Variations of the ratio of the absorption 
coefficients ofacetone extracts at 440 nm and A,, (where 
A,,, is the wavelength of the maximal absorption in the 
red, 662.5, or 665 nm), a,,,(440): aeic(Xrm), vs. the ratio 
of carotenoid to (Chl a + pheo a) concentrations for 
the Paciprod and Chlomax cruises. 

although different types of carotenoids may 
be present with different absorption spectra. 
For instance, the in vivo absorption spec- 
trum of nonphotosynthetic carotenoids ex- 
tends farther toward 440 nm than fucoxan- 
thinlike photosynthetic carotenoids (see 
Bidigare et al. 1987), thus leading to in- 
creased absorption at this wavelength. If so, 
the same tendency should be observed for 
acetone extracts, i.e. the blue-to-red ratio 
should be systematically higher for Sargasso 
Sea samples than for Peruvian upwelling 
samples. The opposite is observed (Fig. 17), 
so the high absorption values observed for 
the Sargasso Sea do not result solely from 
a high carotenoid content. 

We conclude therefore that the higher ab- 
sorption values observed in the Sargasso Sea 
are likely due to a weaker package effect than 
exists in the Peruvian upwelling waters, 
either because algal cells are of smaller size 
or because they have lower intracellular pig- 
ment concentrations. As indicated before, 
populations of small (0.4-0.8 pm) prochlo- 
rophytes in the deep chlorophyll maximum 
and of small (0.5-2 E.cm) cyanobacteria in 
the surface layer (together with larger cells) 
have been identified by flow cytometry dur- 
ing the Chlomax cruise (Neveux et al. 1989). 
Experiments on cultured cyanobacteria have 
shown further that, besides their small size, 
some species have a rather low intracellular 
Chl a concentration (-2 kg mm3) (Bricaud 
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578 Bricaud and Stramski 

Table 1. Values of the amplitude of the red absorption maximum normalized by the (Chl a + pheo a) 
concentration, h*(X,,), defined as a*&J - [a*,,(657.5) + a*,,(697.5)]/2 where X,, is the wavelength of the 
maximum) estimated from different studies. For most of the studies (except ours and those of Kishino et al.) 
the value:; of u,,~ were not available, but h*(X,,) can be evaluated with the spectral variations of absorption by 
total particulate matter a,, instead of u,,~. 
-- - -- 

h’(L) 
d [mg (Chl a -i- pheo n)l-’ Measurement conditions 

--- 

- Carder and Steward 1985 0.018 On filter; fl constant (unspecified value) 
Kishino et al. 1985 0.019-0.028 On filter; fl constant (=2.45) 
Kishino et al. 1986 0.026 On filter; @ constant (=2.45) 
Weidemann and Bannister 1986 0.014-0.018 After filtration and~resusDension 
Haardt and Maske 1987 
Mitchell and Kiefer 1988b 
Lewis ct al. 1988 
Our study 

0.011-0.017 On suspension 
0.004-0.006 On filter; p function of optical density 

0.011 On filter; /3 constant (=2.45) 
0.010~.017 On filter; p function of optical density 

ct al. 1988); the generality of this character 
remains to be shown. 

In the Sargasso Sea, Chl-specific absorp- 
tion values decrease from the surface layer 
to the deep layer. When the possible un- 
derestimate of Chl a concentrations in the 
deep maximum layer (due to the presence 
of prochlorophytes) is considered, this de- 
crease could be even stronger than observed 
in Figs. 15 and 16. Such a decrease could 
be due to an increase of Ci as a response to 
lower irradiance. The hypothesis that deep 
chlorophyll maxima arc due to increased 
intracellular pigment concentration rather 
than increased cell number density has been 
set forth by several investigators (Kiefer et 
al. 1976; Beers et al. 1982,; Mitchell and 
Kiefer 19883). Besides, the population 0 
small prochlorophytes described by Neveux 
et al. (1989) was found to have a pigment 
concentration much larger than the usual 
values for unicellular algae. Although a slight 
decrease of aPh* occurs inside the maximum 
(Fig. 15), the strongest decrease occurs just 
under the maximum (- 140 m). This de- 
crcasc seems therefore to result from pho- 
toadaptation of cells rather than population 
,changes. 

Our results concerning specific absorp- 
tion can be compared (Table 1) to those 
previously published with regard to the 
maximal red amplitude, which in principle 
is not severely affected by tither the package 
effect or pigment composition. The range of 
variation of this amplitude is, and was ex- 
pccted to be, rather large, considering the 
diversity of methods, the uncertainty on the 
0 factor for measurements on filters, the 

(weak but nonnegligible) influence of the 
package effect, and the effect of normali- 
zation by the (Chl a + pheo a) concentra- 
tion. The discrepancy between our results 
and those obtained by Mitchell and Kiefer 
(1988b) in the North Pacific gyre (-0.004- 
0.006 mZ mg-‘) is more surprising because 
the same @(OD,) curve (derived from mea- 
surements on cultures) was used in both 
studies. This divergence remains largely 
inexplicable, although it might partly result 
from the behavior of /3 differing among re- 
gions, perhaps because of very different al- 
gal populations. The values obtained in this 
study do seem reasonable because the in 
vivo specific absorption coefficient of Chl a 
when there is no package effect should not 
be far from 0.020 m2 mg-’ around 675 nm. 
We do not expect to observe field values 
markedly lower than this limiting value be- 
cause the package effect has only a limited 
effect in the red part of the spectrum, and 
this effect should be especially weak for 
samples from the Sargasso Sea where cells 
are small. 

Absorption by nonalgal (detrital) matter- 
For both cruises, the relative contribution 
(at 440 nm) of the detrital absorption to the 
overall absorption tends to decrease as the 
(Chl a + pheo a) concentration increases 
(Fig, 18), in agreement with the assertion 
made by Hobson et al. (I 973) and Gordon 
and Morel (1973). The consistency of the 
a,(440) : a,(440) ratios between the Peru- 
vian upwelling samples (for which the ad 
values were indirectly estimated) and the 
Sargasso Sea samples (for which they were 
measured) indicates that reasonable values 
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Biogenous particle absorption 

of ad have been obtained with the indirect 
method. The contribution of detrital matter 
to the overall absorption (at 440 nm) varies 
from 12 to 82% for the Sargasso Sea samples 
and (excluding deep samples) from 5 to 42% 
for the Peruvian upwelling samples. These 
high values emphasize the need for elimi- 
nating detrital absorption when attempting 
to assess absorption by natural phytoplank- 
ton populations. Ignoring this problem has 
probably led to many erroneous estimates 
of the in situ quantum yield for photosyn- 
thesis, as already pointed out by Kishino et 
al. (1986). 

The spectral dependency of absorption by 
biogenous detrital matter has been shown 
to vary approximately exponentially, with 
a varying exponent. The range of variation 
of the exponent S was found to be 0.0024- 
0.017 nm-’ with a mean value of 0.0099 
nm-r (SD 0.0036 nm-I) for the Peruvian 
upwelling samples and 0.008-0.0 15 nm-’ 
with a mean value of 0.0109 nm-L (SD 
0.00 19 nm-I) for the Sargasso Sea samples. 
No systematic variation of S with depth was 
detectable. 

Experimental data concerning absorption 
by detrital matter are scarce; the first direct 
measurements apparently were made by 
Kishino et al. (1985) for the coastal waters 
of Japan. Fitting their spectra to an expo- 
nential law leads to values of S varying be- 
tween 0.004 and 0.007 nm-I. Some infor- 
mation can also be provided by the spectral 
values of total absorption for deep oceanic 
waters where the phytoplankton contribu- 
tion has become negligible (no apparent ab- 
sorption peaks). Spectra obtained by 
Yentsch (1962) for waters between 400 and 
1,000 m off the New Jersey coast corre- 
spond to S varying from -0.004 to 0.010 
nm-I. Spectra obtained by Okami et al. 
(1982) in Tokyo Bay lead to S = 0.003- 
0.007 nm-‘. The exponents obtained in our 
work therefore appear comparable (though 
on average slightly higher) with published 
data. 

Conclusions 
Correct assessment ofthe absorption coef- 

ficients of natural phytoplankton popula- 
tions directly on filters requires that some 
methodological problems be solved. The 

011 a + Pheo a) (mg mm31 

Fig. 18. Variations of the contribution (at 440 nm) 
of nonalgal particulate matter to total absorption as 
indicated by the ratio ~~~(440) : ~~(440) vs. the (Chl a 
+ pheo a) concentration for the samples of the Paci- 
prod and Chlomax cruises. The values of ~~(440) for 
the Chlomax cruise are those experimentally dcter- 
mined with the method of Kishino et al. (1985); those 
for the Paciprod cruise were obtained by partitioning 
LI, into ad and aD,,. The circled point corresponds to a 
Paciprod sample (station 34, 50 m) dominated by 
phcopigments. 

first problem is estimating the pathlength 
amplification factor ,B, often ignored in the 
past. Experimental studies show that 0 var- 
ies with optical density, and therefore from 
one sample to another, and for a given sam- 
ple with wavelength. Independently, p 
probably varies with absorption and scat- 
tering properties of algal cells. These rather 
confusing variations can be greatly reduced, 
however, since /3 tends to be constant for 
sufficiently high optical densities (> 0.20- 
0.25). We therefore recommend filtering 
sample volumes large enough to ensure that 
optical densities are higher than 0.2 at least 
within pigment absorption bands. At these 
optical densities a representative value of p 
is 2 with practically negligible spectral vari- 
ation. This value can be useful as a first 
approximation until a thorough study iden- 
tifies the parameters influencing p. 

The second problem to overcome is dis- 
crimination between algal and nonalgal 
fractions of total particulate matter. Com- 
parison between the experimental method 
of Kishino et al. (1985) and a numerical 
decomposition method based on spectral 
criteria results in satisfactory agreement. In 
spite of the assumptions made for parti- 
tioning the total absorption spectra, some 
degrees offreedom remain since the spectral 
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580 Bricaud and Stramski 

shape of absorption by viable phytoplank- 
ton, a,,,,(X), and the ejPponent of the function 
representing absorption by nonalgal matter, 
ad(X), are allowed to vary. Deviations from 
these assumptions generally have a limited 
influence upon the retrieval of a,(X) and 
a,,(X). Furthermore, the assumptions con- 
cerning the a,,,, ratios can be adjusted for 
I.ocal conditions by making a few experi- 
mental determinations ofa,,( For routine 
measurements, this indirect method can be 
a useful alternative to the method of Kishi- 
no et al. (1985) which is time consuming. 

Both methods have demonstrated that 
absorption by detrital particulate matter, 
a,(A), constitutes a variable fraction of total 
absorption, a,(A), and that this fraction is 
never insignificant even in eutrophic waters. 
Knowledge of a,(A) is therefore quite insuf- 
ficient for all applications concerning the 
photosynthetic capacities of natural phy- 
toplankton populations and especially for 
estimating the in situ quantum yield for 
photosynthesis. 

We must note that one problem has been 
ignored in previous studies and in ours. 
Some absorbing particles may pass through 
the filter and some absorbing matter may 
be released from algal cells damaged in til- 
tration. These problems would result in 
underestimating absorption and possibly in 
some spectral distortion. The error will cer- 
tainly vary among particulate populations, 
but we expect that in many oceanic situa- 
tions absorption underestimation due to 
small, Chl-containing cells passing through 
the GF/F filter will extend to - 10% (Tagu- 
chi and Laws 1988). Such an error does not 
affect Chl-specific absorption coefficients 
because samples for pigment determina- 
tions ‘were also filtered on GF/F filters. 

The (Chl a + pheo a)-specific absorption 
values for living phytoplankton exhibit high 
variability at both sites studied due to vari- 
ations in pigment composition (including 
pheopigments), size, and intracellular Chl a 
concentration. Values obtained in the Sar- 
gasso Sea are 60-100% higher (in the blue) 
-than in the Peruvian upwelling area, prob- 
ably mainly because of a weaker package 
effect. Systematic differences have also been 
evidenced in the Sargasso Sea between the 
surface layer and the deep maximum layer. 

The overall variability observed for two 
contrasting water types remains small, how- 
ever, probably due to an averaging effect, 
compared to the fourfold variability ob- 
served for cultured phytoplankters (e.g. Bri- 
caud et al. 1988). Such systematic differ- 
ences demonstrate nevertheless that 
assuming constant aph*, whatever the tro- 
phic state of waters, is questionable. In par- 
ticular, determining local values of the in 
situ quantum yield requires measurements 
of aph*(X) simultaneously with irradiance 
measurements and photosynthesis-intensi- 
ty (P-I) curves. 

Such local studies are the way to establish 
on a more global basis an archive of the 
specific absorption properties of natural 
phytoplankton according to water type and 
the predominance of a given algal class. Such 
an archive could be used to refine models 
of oceanic reflectance as well as models of 
primary production by providing typical 
absorption coefficients specific to the situ- 
ation and geographic area considered. 
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