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Variations in the spectral values of specific absorption of phytoplankton 
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Abstract 
Absorption spectra of laboratory cultures of eight species of phytoplankton were studied. These 

spectra, normalized per unit of chlorophyll a concentration (specific absorption) show variability 
in magnitude and spectral form. Specific absorption at 440 nm varied over a factor of three. Spectra 
of phytoplankton belonging to the same taxonomic group tended to have similar forms. Over 95% 
of the variability in specific absorption could be explained in terms of changes in cell size, intra- 
cellular pigment concentration, and the relative importance of auxiliary pigments. Shape was not 
an important factor for this sample set. 

The spectral characteristics of absorption 
by intact cells of phytoplankton have been 
the subject of various studies because of their 
importance in primary production, radia- 
tive transfer in seawater, and in passive re- 
mote-sensing of phytoplankton. At suffi- 
ciently low concentrations, the total 
absorption coefficient a of a given substance 
at a given wavelength X can be expressed as 
a product of a specific absorption coefficient 
a*c and the concentration of the substance 
C. That is, 

a(X) = Cu*, (A). (1) 
The specific absorption a*, is the absorption 
per unit of concentration. In the case of phy- 
toplankton, C is generally taken to be the 
concentration of the main pigment chloro- 
phyll a or the sum of concentrations of Chl 
a and its degradation products, the pheo- 
pigments. Prieur and Sathyendranath (198 1) 
showed that the in situ values of a*,(X) of 
phytoplankton are highly variable from one 
region to another and pointed out that sim- 
ilar variability is also implicit in the existing 
literature on in vivo absorption of phyto- 
plankton. 

Changes in pigment composition could 
account for some of the variation. It is well 
known that pigments other than Chl a 
(mainly Chl b, Chl c, carotenoids, bilipro- 
teins, and pheopigments) are present in phy- 
toplankton in substantial quantities and that 
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their proportions (i.e. the pigment compo- 
sition) can vary with species and with the 
physiological state of the cells. These aux- 
iliary pigments and degradation products 
have distinctive, well-defined absorption 
bands in the visible region. Therefore, it 
appears reasonable to assume that varia- 
tions in pigment composition could account 
for some of the observed variations in phy- 
toplankton absorption efficiency. 

Another cause of variability could be the 
flattening of absorption spectra due to a par- 
ticle effect. Duysens (1956) demonstrated 
theoretically that the absorption spectrum 
of particles in suspension appears flattened 
when compared with absorption by a so- 
lution of the same substance in the same 
concentration. He showed that the flatten- 
ing due to the particle effect varies according 
to the size, shape, and optical density of the 
particles. He pointed out that, in the case 
of phytoplankton, variations in the particle 
effect from species to species could lead to 
differences in absorption spectra, not only 
in absolute values but also in the form of 
the spectra. Using a similar approach, Kirk 
(1975a,b, 1976) examined in detail the 
probable consequences of this effect on the 
distribution of underwater irradiance. Mo- 
rel and Bricaud (198 1) have pointed out that 
the same effect can be deduced through the 
Mie theory of scattering. 

Many laboratory studies have been car- 
ried out on the in vivo absorption by mono- 
specific cultures of phytoplankton (e.g. Lati- 
mer and Rabinovitch 1959; Yentsch 1960; 
Duntley et al. 1974; Privoznik et al. 1978; 
Faust and Norris 1982). It is difficult to 
compare results, however, because of the 
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differences in techniques. Furthermore, in- 
terpretation in terms of available theory is 
usually not possible due to lack of data on 
the size, shape, and concentration of par- 
ticles. 

The aim of our study was to examine the 
specific absorption curves of eight mono- 
specific cultures of phytoplankton and to 
attempt to explain the observed variations 
in terms of changes in pigment composition 
and the theory of spectral flattening in the 
case of spherical, homogeneous particles. 

We thank A. Morel for encouragement 
and help. A. Bricaud is thanked for making 
available experimental data on Tetraselmis 
maculata and Platymonas sp. We also thank 
J. T. 0. Kirk for commenting on the original 
manuscript. 

The particle efect 
The flattening of phytoplankton absorp- 

tion spectra due to the particle effect has 
been treated theoretically by Duysens 
(1956), Kirk(1975a,b, 1976), andMoreland 
Bricaud (198 1). Particles of various shapes 
have been considered by Duysens and Kirk. 
Here, only the principal results for the case 
of spherical, homogeneously distributed 
particles are recalled. 

Let us consider a narrow, collimated beam 
of flux +. incident on a point on the surface 
of a spherical particle of diameter d, and 
passing through the center of the particle. If 
4 is the flux leaving the particle (scattered 
or transmitted), the absorption coefficient 
of the cell material, acm, is given by 

= I ln 0 a 
cm d &’ 

Let N be the number of such particles per 
unit of volume of the medium. If the sub- 
stance which forms the particles were uni- 
formly distributed in the medium, the ab- 
sorption coefficient of the solution would be 
the same as acn,, but modified by the dilu- 
tion factor, rd 3N/6. This calculation leads 
to the expression for the absorption coeffi- 
cient of the solution, aso,: 

a SO1 = %d3Nacm. (3) 

The efficiency factor for absorption by one 
particle, Qa, is defined as the ratio of the 
absorbed flux to the total flux incident on 
the particle. Duysens (1956) and van de 
Hulst (1957) have derived the following 
expression for the case of a spherical particle 
of diameter d: 

Q,=l+ 2 exp(-p’) 
PI 

+ 2bp(-p’) - 11 
12 

P 
(4) 

where 

p’ = da cm * (5) 

Duysens (1956) has shown that the appli- 
cability of Beer’s law to suspensions de- 
pends on two ratios: that of the total volume 
occupied by the particles to the volume of 
the medium, and that of the fraction of in- 
cident light that is absorbed by a particle 
(Q,). If the product of these two ratios is 
small, then Beer’s law may be assumed to 
hold (see also Stokes 1975). If the experi- 
mental setup satisfies this condition, then 
the measured absorption coefficient of a sus- 
pension of N particles is related to the ef- 
ficiency factor Q, by the equation: 

a = $d’Ne,. (6) 

We can now define the factor of spectral 
flattening, F, due to the particle effect, as 
the ratio of the absorption coefficient of the 
suspension to the absorption coefficient of 
an equivalent solution. F is therefore given 
by 

p=a=- 
3Qa 

a sol 2da,, * 
(7) 

It can bc shown that F is always < 1. It tends 
toward 1 when p’ is small (i.e. the particles 
are small, or acm is small). Figure 1 presents 
the variations of Qa and F as functions of 
Pt. 

These expressions are obtained for a giv- 
en wavelength. As F decreases with increas- 
ing acnl, absorption maxima for a suspen- 
sion will be much smaller than for the 
equivalent solution, but the minima will be 
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little modified. Consequently, the absorp- 
tion spectra of suspensions will appear flat- 
ter than those of an equivalent solution. 

In the case of a polydisperse suspension, 
the estimated parameters are the mean val- 
ues of the populations concerned. 

Each phytoplankton cell is composed of 
a cell wall and cytoplasm with chromato- 
phores containing the pigments. The shape 
and size of the cell, the shape, size, and num- 
ber of chromatophores per cell, and the pig- 
ment composition can vary with the species 
and the physiological state of the cells. 
Therefore, the theory of spectral flattening, 
when applied to phytoplankton, can only be 
considered as a highly simplified model. 
Here we examine the extent to which this 
simplification explains variations in specific 
absorption among several species of phy- 
toplankton. 

Experimental setup 
The eight species studied were Hymeno- 

monas elongata, Platymonas suecica, Platy- 
monas sp., Dunaliella marina, Tetraselmis 
maculata, Chaetoceros didymum, Chaeto- 
ceros protuberans, and Skeletonema costa- 
tum. They were chosen to cover wide vari- 
ations in the shape and size of the cells, 
pigment composition, structure of the cell 
wall, and intracellular pigment concentra- 
tion. 

Batch cultures of the first six species were 
grown in Provasoli medium (Provasoli 
1966) at 18°C and under continuous lighting 
of 400 FEinst m-2 s- l intensity. Cultures of 
the other two species (C. protuberans and 
S. costatum) were maintained at almost 
constant concentration by partially renew- 
ing the medium every 24 h. The volume of 
the medium replaced each time was pro- 
portional to the growth rate of the cells, so 
that the biomass concentration of the cul- 
tures at the beginning of every 24-h cycle 
was about the same. These cultures were 
grown in medium “f’ (Guillard and Ryther 
1962) at concentration f/2 and subjected to 
blue, green, or white light of varying inten- 
sities (Table 1). 

Measurement of in vivo absorption-The 
instrument used was a Perk&Elmer 571 
spectrophotometer with a scattered trans- 
mission accessory. It was observed that the 

o.o* 0 2 4 6 8 IO 

f’= %md 

Fig. 1. The parameters Q, and F as functions of p’. 

diffusing plate in front of the photomulti- 
plier was not efficient enough to eliminate 
the inequality effect of the optical response 
of different areas of the photocathode. A 
second diffusing plate was therefore added 
to eliminate this effect and to increase the 
reception angle. The resulting half-angle of 
reception of the instrument was 43”. Using 
angular scattering functions representative 
of phytoplankton, Bricaud et al. (1983) cal- 
culated that this setup captures >99.5% of 
the scattered light. We used sample cells of 
1 -cm path length and the absorption spectra 
measured from 340 to 760 nm with filtered 
water from the same culture as our blank. 

Measurement of absorption by acetone 
extracts and calculation of pigment concen- 
trations - Pigments were extracted in 90% 
acetone (Strickland and Parsons 1968). Ab- 
sorption spectra of acetone extracts were also 
recorded from 340 to 760 nm, and the equa- 
tions of Lorenzen (1967) were used to cal- 
culate the concentrations of Chl a and 
pheopigments; SCORKJNESCO (1966) 
equations were used to calculate Chl b and 
c concentrations, and the Richards and 
Thompson ( 1952) method was used for ca- 
rotenoids. 

Cellsize-The distribution of cell volume 
was determined for each culture. For spher- 
ical and ellipsoidal cells, the measurements 
were made with a Coulter Counter (model 
ZB for P. suecica and H. elongata, and mod- 
el TA for D. marina, Platymonas sp., and 
T. maculata). The cell volumes of C. di- 
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dymum, C. protuberans, and S. costatum 
were estimated by microscopic measure- 
ments of about 80 cells in each case. The 
cell volume is used to calculate the diameter 
d of the equivalent sphere. Since the distri- 
bution of diameter is very narrow in most 
cases (e.g. half-bandwidth = 3.85 pm with 
peak at 13.52 ,um for a sample of N. elan- 
gata; half-bandwidth = 0.79 ,um with peak 
at 5.82 pm for a sample of P. suecica), the 
diameter corresponding to the mode is tak- 
en as characteristic of the culture. The sam- 
ples were fixed in Lugol’s solution until the 
size measurements were carried out (within 
a few weeks). 

Concentration of cells-The number of 
cells per unit volume N was counted with a 
Fusch-Rosenthal or a Lemaur hemacytom- 
eter. 

Hymenomonas elongata and P. sue&a 
were cultured in relatively large volumes (4 
liters). By taking out small samples period- 
ically, we followed their optical properties 
during about 3 weeks of growth. Only single 
measurements were made on batch cultures 
of D. marina, Platymonas sp., T. maculata, 
and C. didymum. In the case of C. protu- 
berans and S. costatum, we carried out sev- 
eral measurements for different conditions 
of illumination. 

We subtracted the values of absorption 
at 737 nm from absorption at all wave- 
lengths, assuming that phytoplankton pig- 
ments do not absorb at this wavelength and 
that the absorption observed at this wave- 
length represents absorption by detritus and 
constituents of the phytoplankton cells oth- 
er than photosynthetic pigments. Subtract- 
ing these values over the entire wavelength 
implies that their absorption is neutral; this 
assumption is untested but is used as a first 
approximation. Duysens (1956) and Ban- 
nister (1979) have appIied similar correc- 
tions to their data, though they attributed 
the observed absorption at this wavelength 
range to residual scattering. Neither our ex- 
perimental setup nor theoretical consider- 
ations, however, support such an interpre- 
tation. 

Results and discussion 
Spectra of speciJic absorption in vivo (in 

suspension) -Typical spectral values of spe- 

0.04. 

Sa 0.03 

P 
\ 

5 0.02 

oz 
2 

8 0.01 

! 

L 0.00 

WAVELENGTH (nm) 

Fig. 2. Examples of in vivo absorption by eight 
phytoplankton species. I- Platymonas suecica; 2- 
Dunaliella marina; 3 - Tetraselmis maculata; 4 - Platy- 
m0na.s sp.; 5 - Hymenomonas elongata; 6 - Chaeto- 
ceros didymum; 7-Chaetoceros protuberans; 8-Ske- 
letonema costatum. Spectra are normalized by 
concentration C (-Chl a + pheopigments) (mg md3). 
The value of absorption at 737 nm is subtracted from 
absorption at all wavelengths. 

cific absorption of the eight species studied 
are shown in Fig. 2. Abso$tioi spectra were 
studied per unit concentration of C (=Chl 
a + pheopigments). The value of the spe- 
cific absorption a*, at 440 nm varied be- 
tween 0.0187 and 0.0473 m-l (mg m-3)-1, 
within the range from 0.013 to 0.077 esti- 
mated for in situ conditions by Prieur and 
Sathyendranath (I 98 1). 

Concentration efict - Before examining 
the importance of either the particle effect 
or pigment composition, we have to make 
sure that the measurements are carried out 
under conditions wherein Beer’s law holds. 
As stated earlier, the validity of Beer’s law 
in the case of suspensions depends on two 
parameters. Of them, Q, is an intrinsic 
property of a particle and cannot be changed. 
Therefore, when making absorption mea- 
surements on particles, the concentration 
has to be kept sufficiently low to ensure ap- 
plicabiiity of Beer’s law. At higher concen- 
trations, the specified linear relationship be- 
tween absorption and concentration is 
invalidated. 

Figure 3 shows a(440) as a function of 
concentration C for P. sue&a and H. elon- 
gata. The plotted points include measure- 
ments on the same culture on different days, 
as well as several measurements on the same 
culture on the same day at different dilu- 
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Chl a + Pheo u (mg i3) Chl u + Pheo u (mg ti?) 

Fig. 3. Absorption at 440 nm as a function of concentration C in P. suecicu and H. elongata. Measurements 
when the culture was 11 d old-n; when the culture was 21 d old- X; on other days when culture < 25 d old- 
@. The regression lines are given by ~(440) = 0.0146 + 0.03 1OC with r2 = 0.996 and n = 12 for P. suecicu and 
a(440) = 0.0037 + 0.021OC with r2 = 0.988 and n = 15 for H. elongata. Measurements of attenuation (not 
presented here) on the same cultures show that specific attenuation is also independent of C. 

tions. The figure shows that the relationship 
remains linear, even at concentrations as 
high as lo3 mg m-3. Estimation of specific 
absorption at 440 nm, a*,(440), by linear 
regression of a on Cyields: a*,(440) = 0.03 10 
m-l (mg m-3)-1 for P. suecica and 0.0201 
for H. elongata. Linearity shows that Beer’s 
law is valid under the experimental condi- 
tions. 

We have checked that the relationship be- 
tween attenuation coefficient and concen- 
tration is also linear. Consequently, the re- 
lationship is linear for the scattering 
coefficient too. According to van de Hulst 
(1957), it is then safe to assume that only 
single scattering is of importance in the 
measurements. This conclusion is impor- 
tant, since the theory used here does not 
account for multiple scattering. 

These specific absorption coefficients are 
therefore inherent properties of the cultures 
studied, independent of concentration. This 
fact is established at 440 nm (which cor- 
responds to the absorption maximum); it 
may be reasonably assumed that the same 
holds at other wavelengths. In fact, the spec- 
tra of specific absorption obtained on dif- 
ferent days are very similar (Fig. 4A, B). 
However, in the case of P. suecica, in the 

spectral range from about 460 to 490 nm, 
the variability is higher than elsewhere. This 
variation apparently is related to changes in 
the ratio of carotenoid to Chl a in the cul- 
ture. In the case of a culture of Thalassiosira 
pseudonana, Kiefer et al. ( 1979) observed a 
progressive deformation of specific absorp- 
tion spectra with the age of the culture (5- 
17 d). Such a deformation, probably due to 
changes in the physiological state of the cells 
or to relatively high accumulation of detri- 
tus, was not observed in our cultures. How- 
ever, the specific absorption spectra of C. 
protuberans grown under differing illumi- 
nation show notable scatter (Fig. 4C). Laz- 
zara (19 8 3) linked this variability to changes 
in the intensity of light supplied to the cul- 
tures, though not to the wavelength of light. 
It therefore follows that the specific absorp- 
tion spectrum of an individual species can 
be considered as an intrinsic property only 
if changes in the environment have not pro- 
duced alterations in the light-harvesting 
mechanisms of the organism. The problem 
of chromatic adaptation of phytoplankton 
has been discussed elsewhere (Lazzara 198 1, 
1983). Here, we stress that the observed 
spectra are not influenced by conditions of 
measurement-notably the high pigment 
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Fig. 4. Spectra of in vivo specific absorption of P. 
suecica, H. elongata, and C. protuberans. 

concentrations of the cultures. These ex- 
periments, however, do not permit isolation 
and estimation of any nonlinear interac- 
tions within the algal cells. 

Efect of variability in pigment composi- 
tion-Figure 5 shows the spectra of acetone 
extracts, corresponding to the eight spectra 
of in vivo specific absorption presented in 
Fig. 2. The spectrum of pure Chl a in 90% 
acetone is also shown for comparison. The 
figure clearly brings out the importance of 
absorption by pigments other than Chl a, 
notably in the 350-550-nm region. At 440 
nm, the total pigment absorption in various 
cultures is 2-3 times that of Chl a alone. 
Some variability is also seen near 650 nm. 
These spectra represent a case where pos- 
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Fig. 5. Spectra of specific absorption of acetone ex- 
tracts of the eight species studied. The spectra are nor- 
malized by C(mg m-3) and correspond to the in vivo 
spectra presented in Fig. 2. The spectrum of specific 
absorption of pure Chl a in 90% acetone is also shown 
for comparison (curve No. 9). 

sible causes of variability other than pig- 
ment composition (such as the particle ef- 
fect or any eventual absorption by cell 
material other than pigments) have been 
eliminated. However, it is well known that 
when phytoplankton pigments are extracted 
from the cells with a solvent such as acetone, 
their absorption properties undergo changes 
due to the solvent. Acetone extracts thus 
cannot be used for quantitative evaluation 
of variability of in vivo specific absorption 
due to changes in pigment composition. 

In Fig. 6, the eight in vivo absorption 
spectra are shown after normalization based 
on absorption at 440 nm. It appears from 
the figure that variations in the shape of the 
absorption spectra are less important than 
changes in the absolute values of absorption 
efficiency. It is seen that spectra of phyto- 
plankton belonging to the same class and 
having similar pigment composition tend to 
group together. Diversity in spectral form 
is maximal where the auxiliary pigments are 
known to have absorption bands (e.g. Chl 
b at 650 nm, Chl c at 620 and 630 nm, 
carotenoids in a broad band from about 460 
to 500 nm). Auxiliary pigments are also 
known to absorb light at 440 nm, as does 
Chl a, while at 675 nm, the absorption is 
principally due to Chl a. Disregarding any 
possible particle effect, the variability of the 
67 5-nm band height in the normalized spec- 
tra can be taken to reflect variability in ab- 
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Fig. 6. The specific absorption curves of the eight species normalized at 440 nm. (The same curves are 
presented in absolute values in Fig. 2.) 

sorption by auxiliary pigments at 440 nm. 
These arguments also indicate that pigment 
composition could be an important factor 
in explaining the variability of in vivo ab- 
sorption efficiency. 

Equation 1 is valid in the case of a single 
absorbing material with concentration C. 
Since the total absorption coefficient obeys 
the principle of superposition, the equation 
can be rewritten for the case of n substances 
with concentration Ci, and specific absorp- 
tion coefficients a*,,, 

a(A) = 2 CIU*,i(A). (8) 
i=l 

If the hypothesis that all the variability in 
the in vivo specific absorption can be ex- 
plained by variations in pigment composi- 
tion is valid, it follows that, for our sample 
set, 

i=2 Ll 

Here, a*(X) is defined as the observed in 
vivo absorption per unit of concentration 
of Chl a. C, is the concentration of chloro- 
phyll a, and a*,, is the in vivo absorption 
per unit of Chl a in the absence of all other 
pigments. Corresponding parameters for Chl 
b, Chl c, carotenoids, and the pheopigments 
are represented by subscripts 2-5. 

This hypothesis was tested by multiple 
regression at 440 nm for 28 samples. Here, 
a*(440) was taken as the dependent variable 
and the concentrations of Chl 6, Chl c, ca- 
rotenoids, and pheopigment per unit of coa- 
centration of Chl a as the independent vari- 
ables. An overall regression coefficient of 
0.66 was obtained, implying that the changes 
in absorption efficiency are related to those 
in pigment composition. However, the re- 
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lation explains only 44% of the observed 
variability. 

Particle efict -According to Eq. 4-7, the 
factor F is computed from the parameter p’ 
(=a,&), if the particles are spherical and 
homogeneous. Our measurements of a, N, 
and d permit us to estimate p’ for any wave- 
length X with Eq. 4 and 6. Equation 4 being 
a monotonic relationship between Q, and 
p’, we estimated the parameter p’ by suc- 
cessive approximation. The values of p’(440) 
for the 28 samples were found to vary from 
0.15 to 5.87, which means that the factor 
of spectral flattening F varies from 0.95 to 
0.24. The particle effect is therefore far from 
negligible for this sample set. 

We now define 

100 

00 

SO 

40 

-40 

-60 

If the hypothesis is true that the particle 
effect is the only significant cause of vari- 
ability in phytoplankton absorption effi- 
ciency, then a*SO, would be a constant, as it 
represents the in vivo absorption efficiency 
in the absence of any particle effect. 

It should be pointed out that p’ estimated 
in the manner described above may be high- 
ly erroneous for high values of p’ (Fig. 7). 
The relationship between Q, and p’ being 
nonlinear, a given error in Qa does not al- 
ways introduce the same error in p’. Figure 
7 shows that, for a given error in Qa, the 
lack of precision in the value of p’ estimated 
from (2, increases with the actual value of 
p’ (the error in Q, is the cumulative effect 
of the errors in a, N, and d). For our hy- 
pothesis testing, we therefore selected only 
20 of the 28 samples, with estimated ~‘(440) 
values below 2.9. For these 20 samples, 
a*,,,(440) was found to vary from 0.027 to 
0.073 m-l (mg m-B)-1. It thus appears that 
the flattening effect in itself cannot account 
for all the variations in phytoplankton ab- 
sorption efficiency, even though it is an im- 
portant factor. 

Combined efect of flattening and varia- 
tions in pigment composition-We now ex- 
amine the possibility that the variations in 
absorption efficiency, which persist even af- 
ter eliminating the particle effect, are due to 

P’ 
Fig. 7. Error in p’ as a function of p’ and for a given 

error in Q, (+ I%, +5%, or + 10%). The asymmetry 
between positive and negative errors is very high. Error 
amplification observed here does not occur when Q, 
is estimated from p’ (error in QLI < error in p’ evident 
from Fig. 1). 

changes in pigment composition. Equations 
9 and 10 are combined as follows: 

5 c. 

a*sol = a*sol I + 2 - a*sol i * 
Cl 

(11) 
i=2 

Here, the specific absorptions are analogous 
to those in Eq. 9 but represent cases wherein 
the flattening effect has been eliminated. The 
validity of Eq. 11 was tested as before, by 
multiple regression (a*SOl as the dependent 
variable and Ci/C1, i = 2-5 as the indepen- 
dent variables). For the subset of 20 samples 
at 440 nm, we obtained a correlation coef- 
ficient of 0.88. Equation 11 can be rewritten 
in a slightly different manner, as 

a =a * 
SO1 sol 0 + i CiU*soli. (12) 

i=l 

Equation 12 admits a constant background 
absorption aso, o in addition to absorption 
by the five pigments. Multiple regression of 
the 20 samples at 440 nm yielded a coeffi- 
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Fig. 8. Spectral values of the coefficient of determination, r2, for multiple regression between intracellular 

absorption coefficient and pigment concentrations (Eq. 12). Curve 1 -the case of near-spherical particles (the 
first nine samples from Table 1) with five pigments. Curve 2-the case of nonspherical particles (samples lO- 
20 of Table 1) with four pigments (Chl b is absent in this group). Curve 3-cases 1 and 2 combined. Curve 4- 
the case wherein the samples are the same as in the previous case, but variations in pheopigments have been 
neglected. (Number of observations-n; number of variables-v.) 

cient of determination (r2) of 0.96 (with aso, 
as the dependent variable and Ci, i = l-5 
as the independent variables). It thus ap- 
pears that, at 440 nm, the combined effects 
of spectral flattening and variation in pig- 
ment composition account for about 96% 
of the variation in absorption efficiency. 

The coefficient of determination, which 
is a measure of the percentage of variance 
explained by the hypothesis, was then cal- 
culated for every 10 nm across the spectrum 
(Fig. 8). It is seen that r2 is generally higher 
than 95%, except for wavelengths < 390 nm. 
Figure 8 also shows the spectral values of 
r2 when pheopigment variability is neglect- 
ed. It is seen that there is a marked decrease 
in r2 at almost all wavelengths, even though 
pheopigment concentrations are generally 
low in the samples. 

The particle effect considered here as- 
sumes that the particles are spherical and 

that the absorbing material is uniformly dis- 
tributed within the particles. Neither of these 
assumptions is true in the case of phyto- 
plankton. Eleven samples of the subset of 
20 represent nearly spherical phytoplank- 
ton. The remaining nine samples of dia- 
toms, with their nonspherical shapes and 
vacuoles within cells, depart most from the 
initial assumptions. The 20 samples were 
subdivided into two groups of near-spher- 
ical and nonspherical particles, and the coef- 
ficient of determination recalculated for the 
two groups separately. From Fig. 8 we see 
that there is a systematic increase in r2 at 
almost all wavelengths for both groups, as 
expected if the degree of correlation remains 
the same and sample size is decreased. In 
the case of the near-spherical particles, the 
value of r2 remains very high even for wave- 
lengths ~390 nm. It thus appears that the 
predictive precision of the model can be 
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Fig. 9. The specific intracellular absorption for the five pigments from multiple regression (corresponding 
to curve 3 of Fig. 8). The spectral values of the regression coefficient r are also given. 

improved very little above 390 nm by con- 
sidering variations in shape. 

Spectral values of speciJic intracellular ab- 
sorption-The spectral values of the coef- 
ficients a*sol i given by the multiple regres- 
sion (Eq. 12) represent the in vivo 
intracellular specific absorption of the five 
pigments in the absence of any particle ef- 
fect. These curves are shown in Fig. 9. 

It is seen that some of the spectral values 
drop below zero, particularly in the case of 
carotenoids. The negative values occur at 
wavelengths where no absorption bands are 
expected for the respective pigments. When 
multiple regression is applied to a sample 
set wherein the independent variables do 
not satisfy the condition of orthogonality, 
the coefficients are unstable and may have 
incorrect signs and magnitudes (Hoer1 and 
Kennard 1970a, b; Marquardt 1970; Jones 
1972). There is additional evidence that the 

effects of the different pigments have not 
been separated correctly, for example the 
presence of the peak near 420 nm in the 
curves of three pigments with a correspond- 
ing depression in another curve. The details 
of curves therefore have to be interpreted 
with caution. Only major features are re- 
solved reliably. 

Chlorophyll a has a peak value of about 
0.05 m-l (mg m-3)-L in the blue and a sec- 
ondary peak of around 0.035 in the red, 
which are comparable with the curve ob- 
tained by Kiefer and SooHoo (19 82). How- 
ever, their pheopigment absorption curve 
does not match ours. The results of Kiefer 
and SooHoo showed that pheopigment-spe- 
cific absorption in the blue was about four 
times that of Chl a. Their curve does not 
show any pronounced peak in this region; 
instead, the absorption values increase pro- 
gressively toward shorter wavelengths. Their 
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Fig. 10. Comparison between observed and cal- 
culated values of the specific absorption at 440 nm for 
the 28 samples. Here, the values are normalized with 
respect to the concentration of Chl a only. Calculated 
values of specific absorption are obtained from the 
concentrations of pigments, the particle size, the num- 
ber of particles per unit of volume of the medium, and 
the intracellular specific absorption coefficients given 
in Fig. 9. Samples not used in the multiple regression 
because of their high Qa values- x . 

peak in the red is very weak, around 0.02 
m-l (mg m-3)-1. In our results, the curve 
associated with pheopigments shows a well- 
defined absorption peak at 440 nm (and not 
at 4 10 nm as in the case of acetone extracts). 
The peak value is about twice that of Chl 
a. The secondary peak in the red is also 
higher than the Chl a peak, with a value of 
around 0.05 m-l (mg m-3)-‘. These differ- 
ences are probably because Kiefer and 
SooHoo applied multiple regression direct- 
ly to observed in vivo absorption of sam- 
ples, disregarding the particle effect, and be- 
cause only two pigments were considered 
(Chl a and pheopigments). Besides, they 
worked on natural seawater samples (from 
coastal waters of Baja California), with pos- 
sible contamination of the absorption signal 
from materials other than phytoplankton. 
In Fig. 9, the Chl a and pheopigment curves 
show absorption in the 490-540-nm region, 
which is totally absent in the extracted pig- 
ments. This absorption may be linked with 
the proteins associated with the pigments. 

Reconstruction of in vivo absorption from 

pigment concentrations, cell size, and cell 
number density-The values of aso, at 440 
nm were calculated from the concentrations 
of the five pigments with the corresponding 
five a* s0l I values (Eq. 12). asolO was neglected 
as a regression parameter having no phys- 
ical significance. In vivo absorption was then 
calculated with data on the size and number 
of cells (through Eq. 3-6). In Fig. 10, these 
values are plotted against the observed val- 
ues of a(440). The eight samples with high 
values of Qa (which consequently were not 
used for the multiple regression) are iden- 
tified by a symbol different from those used 
in the analysis. The calculated values com- 
pare well with the observed (r2 = 86%), al- 
though there is a slight tendency for the 
samples with high Q, to align below the 
others. 

Conclusion 
Laboratory studies on eight phytoplank- 

ton species show that variations in specific 
absorption coefficient (from 400 to 700 nm) 
can be satisfactorily explained in terms of 
a particle effect and pigment composition. 
Neglect of either factor leads to a marked 
decrease in the correlation. For our sample 
set, consideration of shape as an additional 
factor yields no significant increase in the 
explained variance for wavelengths above 
390 nm. The 20 samples used in multiple 
regression were insufficient to separate sat- 
isfactorily the intracellular absorption spec- 
tra of the five major pigments considered 
here. Better separation requires a larger data 
set selected in a manner that minimizes co- 
variance between pigments. 

The model presented here offers a tool for 
calculating the in vivo absorption coeffi- . 
icent of phytoplankton in the sea by using 
information on pigment concentrations and 
size spectra of cells in the absence of com- 
plicated optical measurements. 
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