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ABSTRACT 
From 15 to 19 October 1994, an oceanographic cruise 

was carried out in the Gulf of California. Phytoplank- 
ton biovolume, pigment concentrations, and taxonomy 
were examined as functions of location and light depth. 
The specific absorption coefficient of phytoplankton 
(a>h) showed variability in magnitude and spectral 
shapes between stations and with depth. The a*ph val- 
ues ranged from 0.020-0.056 m2(mg chl a)-' at 440 nm 
to 0.013-0.020 m2(mg chl a)-' at 674 nm. Spectra of 
phytoplankton belonging to the same taxonomic group 
tended to have similar shape. At stations where the en- 
vironmental conditions favored the presence of micro- 
phytoplankton populations (cells >20 pm), the lowest 
a* were found. Of all the variables studied, pigments, 
particularly the photoprotective pigment zeaxanthin, 
had the highest correlation with u*ph. Changes in pig- 
ment composition and cellular concentration were re- 
sponsible for over 70% of the variability of the specific 
absorption at 440 nm. Including biovolume per cell 
in a multiple regression improved the model to ex- 
plain up to 80% of a*ph variations. The work described 
here concurrently examined pigment packaging, mea- 
sured as the cellular concentration of chlorophyll a 
and as the phytoplankton cell volume, and the con- 
founding effect of the blue-absorbing accessory pig- 
ments on the specific absorption coefficient. The a;,, 
varied as a function of all three variables, indicating 
the importance of both taxonomic variations (size and 
accessory pigments) as well as responses to environ- 
mental variations. 

Ph 

INTRODUCTION 
Particulate material, including phytoplankton, is re- 

sponsible for most of the light scatter and absorption in 
the ocean. The characterization of particle variability 
provides information about light attenuation, potential 
primary production, and the phytoplankton pigment 
biomass. Changes in the optical characteristics of water 
masses have been associated with biochemical processes 
that are related to the energy used in photosynthesis 
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(Yentsch 1960; Morel and Prieur 1977; Mitchell and 
Kiefer 1988a; and Bricaud et al. 1995). 

Several authors have reported the distribution of light 
absorption by particles in the ocean (Maske and Haardt 
1987; Yentsch and Phinney 1989; Nelson et al. 1993; and 
Cleveland 1995), concluding that there is a nonlinear re- 
lation between the phytoplankton light-absorption coef- 
ficient and the chlorophyll concentration. This relation is 
a function of the phytoplankton environment, particle 
form and size, and concentration of pigments and detri- 
tus (Morel and Bricaud 1981; Spinrad and Brown 1986; 
and Bricaud et al. 1995). These authors have argued that 
cell size and the photosynthetic pigment composition of 
the phytoplankton are partly responsible for the variabil- 
ity of the specific light-absorption coefficient. 

Several analytical models have been developed to es- 
timate primary productivity as a function of the in vivo 
phytoplankton light absorption (e.g., Kefer and Mitchell 
1983). In these models, the a*ph values are taken as con- 
stants; however, recent studies have shown both hori- 
zontal and vertical variations in a>h (e.g., Sosik and 
Mitchell 1995). 

The objective of this research was to study the fac- 
tors that cause variability of the phytoplankton-specific 
light-absorption coefficient in the Gulf of California. In 
particular, pigment composition was examined as a pos- 
sible cause of variable a* at specific wavelengths. 

P h  

MATERIALS AND METHODS 
From 15 to 19 October 1994, an oceanographic cruise 

was made aboard the R/V A. Humboldt H-03 in the Gulf 
of California. Seawater samples were collected from five 
depths: loo%, 32%, IO%, 3%, and 1% of surface irradi- 
ance E, (fig. 1). 

Photosynthetically available ralation (PAR) was mea- 
sured with a light sensor (Biospherical Instruments, Inc. 
PNF-300). Temperature and salinity were measured with 
a CTD recorder. Phosphate concentrations were mea- 
sured with a Bausch & Lomb (Spectronic 1001) spectro- 
photometer, following Strickland and Parsons (1972). 
Phytoplankton species and abundances were analyzed 
with a Carl Zeiss inverted microscope with 16x and 40x 
objectives. Phytoplankton cell volume was estimated fol- 
lowing relationships developed by Strathmann (1967) 
and Edler (1979). 
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Figure 1. 
California, and sampling stations 1-5. 

Satellite image of sea-surface temperature in the Gulf of 

0.15 

5 
M 3 0.10 

8 
!? 0.0s 

* 
.1 

B 

ODs*L = 0304 ODf + 0.409 (OD,? 

0 .o 0.1 0 3  03 

ODfiltered 
Figure 2. 
in suspension and on a filter from laboratory culture. 

Relationship between the optical density (OD) of cells measured 

Absorption Measurements 
Samples for measurements of phytoplankton light ab- 

sorption were collected on Whatman GF/F filters and 
immelately frozen in liquid nitrogen. In the laboratory, 
the filters were defrosted, then saturated with filtered 
seawater. Spectral absorption was measured with a 
Hewlett Packard 8452 diode array spectrophotometer 

equipped with an integrating sphere (Labsphere RSA- 
HP-84), following the technique described by Mitchell 
(1 990) and Cleveland and Weidemann (1 993). The fil- 
tered samples were scanned between 400 and 750 nm 
with a spectral resolution of 2 nm. The filters were rinsed 
(-20 minutes) with hot methanol to remove pigments, 
and a second reading was made to estimate the detritus 
absorption (&shin0 et al. 1985). Phytoplankton pigment 
absorption was estimated by subtracting the detritus ab- 
sorption from the total particulate absorption. 

We corrected the absorption spectra for the path- 
length amplification factor (p) by using the algorithm 
empirically derived from laboratory cultures by Charles 
Trees (fig. 2) for the HP diode array spectrophotome- 
ter. This path-length amplification adjusts optical den- 
sity for filtered samples ODtilr (A) to equal optical density 
for an equivalent sample in suspension ODsIIs (A). 

ODs,, = 0.3038 Oq,,, + 0.4086 (0Df i l J2  

The specific light-absorption coefficient, u : , ~ ,  m2(mg 
chl a)-*, was obtained by dividing the phytoplankton 
absorption coescient by the chlorophyll a concentra- 
tion measured in acetone extracts with a Turner Designs 
10-005 fluorometer (Yentsch and Menzel 1963). 

HPLC Pigment Analyses 
Samples for high-performance liquid chromatogra- 

phy (HPLC) pigment analysis were collected on Whatman 
GF/F filters and frozen in liquid nitrogen for analysis 
in the laboratory. Chlorophylls and carotenoids were 
separated by means of the Wright et al. 1991 method. 
A spectra-focus UV2000 detector with autosampler 
As3000, with a reverse-phase Radial-PAK C,, column 
(Spherisorb, 25 micron, 25 cm) was used with a flow rate 
of 1 ml minute-' to separate and quanti@ the pigments 
as they eluted off the column. Before injection, a 1,050 
pl aliquot of sample extract was mixed with 3 ml of water 
to help separate dephytolalid pigment compounds. We 
used canthaxanthin as an internal standard to correct for 
volume changes during the extract process. 

Comparisons of HPLC and standard fluorimetric 
methods for the determinations of chlorophyll a are 
shown in figure 3 .  We found reasonable agreement be- 
tween chlorophyll a measured by HPLC and fluori- 
metric methods (v2  = 0.89; p = 0.05). 

RESULTS 
Figure 1 shows the typical distribution of sea-surface 

temperature during our study There were two main fea- 
tures: North of the large islands, the temperature var- 
ied from 29.5" to 31.0"C. In the southern part of the 
gulf, a cold front with temperatures from 22.0" to 24.0" 
was established. In general, these conditions remained 
in the gulf throughout the entire cruise. 
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Figure 3. 
chlorophyll a in the Gulf of California, October 1994 (r2 = 0.89; p = 0.05). 

Comparison between HPLC and fluorometrically measured 

Variability of a* Values 
The vertical distribution of the phytoplankton-spe- 

cific light-absorption coefficient at 440 nni for stations 
1 to 5 (fig. 4) ranged from 0.016 to 0.056 at 440 nm. 
At 674 nm, a i h  ranged from 0.010 to 0.027 ni2(mg chl 
a)-’ (table 1). The spatial variability of the phytoplank- 
ton-specific light-absorption coefficient between stations 
showed the maximum differences for stations 1, 4, and 
5 at 10096, 3296, and 10% of Eo; stations 2 and 3 were 
very similar at these light depths. The specific absorp- 
tion spectrum for station 4 at the 1% light depth was 
noisy and high, but this may have been an artifact of the 
low chl a concentrations and the small volume filtered. 

ph 

Phytoplankton Abundances 
We found 15 genera of diatoms with 46 species; 

stations 2 and 3 showed the highest number of genera 
(table 2). The average biovolume (pm3) for diatoms 
ranged from 19.52 to 22.29 In biovolume 1-’. Stations 
2 and 3 showed the highest cell abundance (-90 x 10’ 
and -80 x lo3 cells l-l, respectively; fig. 5). Chaetoceros 
spp. were the most abundant, with a cellular volume of 
-280 ,urn3, equivalent to a -10 pm diameter. However, 
Rkixosolenia spp. showed the maximum cellular volume 
of -13.4 x 10‘ pm3, equivalent to a -295 ,urn diameter. 
In general, stations 1, 4, and 5 showed abundances below 
5x103 1-1. 

Photosynthetic Pigments 
Photosynthetic pigments were classified into five groups 

in accordance with Bidigare et al. 1990: (1) “CHLA” 
chlorophyll a, chlorophyllide a, and phaeopigment a (not 
includmg phaeophorbide); (2) “CHLB” chlorophyll b, 
phaeopigment b; (3) “CHLC” chlorophyll c and cz; 
(4) “PSC” photosynthetically active carotenoids, includ- 

TABLE 1 
Spatial Distribution of the Main Bio-Optical  Variables 

in the Gulf of California, O c t o b e r  1994 

Irradiance 100% 32% 10% 3 Yo 1 Yo 

Station 1 
Depth (in) 

Chl aa fluor. 
a;,l, (440 nm) 

Station 2 
Depth (m) 
Chl a’ fluor. 
a;, (440 nm) 
a:, (674 nm) 

Station 3 
Depth (m) 
Chl a’ fluor. 

a;,l3 (674 nm) 

Station 4 
Depth (m) 
Ch1 a‘ fluor. 
a;,), (440 nm) 
a:,lt (674 nm) 

Station 5 
Depth (m) 
Chl a” fluor. 
a:, (440 nm) 
a * l ,  (674 nm) 

m-3 

a;,ii (674 nm) 

a;,,, (440 nm) 

1 
1.085 
0.054 
0.023 

1 
2.03 
0.026 
0.012 

1 
2.764 
0.020 
0.013 

1 
0.438 
0.056 
0.0 1 6 

1 
0.479 
0.03 1 
0.020 

6 
1.162 
0.045 
0.020 

6 
2.70 
0.021 
0.010 

5 
3.204 
0.017 
0.010 

11 
0.479 
0.040 
0.015 

7 
0.682 
0.028 
0.013 

14 
1.089 
0.047 
0.021 

12 
2.34 
0.022 
0.01 1 

10 
- 
- 

- 

26 
0.503 
0.036 
0.014 

22 
0.804 
0.030 
0.01 5 

23 
1.068 
0.041 
0.018 

18 
1.25 
0.023 
0.015 

16 
1.487 
0.016 
0.01 1 

42 
0.625 
0.036 
(1.01 7 

35 
0.495 
0.037 
0.025 

33 
0.921 
0.042 
0.020 

25 
0.585 
0.022 
0.013 

25 
0.585 
0.029 
0.019 

60 
0.184 
0.040 
0.018 

45 
0.406 
0.047 
0.027 

ing fucoxanthin, 19’ butanoyloxyfucoxanthin, 19’ hexa- 
noyloxyfucoxanthin, and prasinoxanthin; and (5) “PPC” 
photoprotectant carotenoids, including diadinoxanthin, 
alloxanthin, and zeaxanthin/lutein (table 3). This method 
does not make it possible to separate zeaxanthin from 
lutein (they have the same retention time), but there 
is evidence suggesting that zeaxanthin dominates over 
lutein in the ocean (Everitt et al. 1990), so we assumed 
that all the absorption at that particular retention time 
was due to zeaxanthin. However, these values should 
be interpreted with care. If chlorophyll b concentrations 
were low, then the presence of lutein would be minimal. 

As expected, the concentration of chlorophyll a ex- 
ceeded that of any other pigment, with an average range 
from 0.192 to 1.256 nig m-’, while the ratio zeaxan- 
thin/chl a varied from 0.066 to 0.374. Fucoxanthin pig- 
ment showed the same pattern as chlorophyll a, in the 
ranges of the average ratios (0.19 to 0.692) and con- 
centrations from 0.05 to 0.87 mg m-’. 

Shape of the Absorption Spectra 
The absorption, at all depths at which measurements 

were taken, was averaged (fig. 64. From the averaged ab- 
sorption spectra, two groups of stations were identified: 
group 1 includes stations 1, 4, and 5; group 2 includes 
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TABLE 2 
Spatial Variability by Stations of Average Cell Volume I,, 

(pm3 1-l) for Diatoms in the Gulf of California 

Diatom genus Station Station Station Station Station 
(average) 1 2 3 4 5 

Nitzschia 
Rhizosolenia 

Skelrtorzema 
Corethron 
Bacteriastrum 
Thalassiothrix 
Leptocylindrus 
Navicula 
Ditylum 
Coscinodiscisctrs 
Pseudoeunotia 
Hemiaulus 
Actinoptydzus 
Guirzardia 

~hfletlJCeYOS 

13.92 13.57 14.92 13.38 13.64 
20.01 20.98 22.17 21.15 19.46 
11.87 15.87 14.66 11.86 11.71 

15.24 16.52 17.39 - 14.85 
10.26 12.10 11.55 11.20 - 

12.55 19.00 17.92 16.05 14.65 
15.31 16.78 17.02 - 15.85 
11.89 11.70 16.80 10.40 14.51 
18.08 19.35 18.77 - - 

15.69 19.72 18.36 13.57 14.21 

- 10.34 11.53 12.08 - 

- - 17.68 18.25 
- 16.37 15.69 
- 17.60 17.21 ___ 13.47 

- 

- - 

- 18.09 - - - 

100000 L 

v) - 10000 - 

1 Stations 
0, 
0 r -  - 

10’ I l l ’ l l i l l  ’ 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1  I l 1 &  

0.1 1 10 100 1000 

log (cell size pm) 
Figure 5. 
Gulf of California. 

Abundances and cell sizes of phytoplankton by stations for the 

stations 2 and 3. The average spectral shapes, by stations, 
were determined from phytoplankton absorption nor- 
malized to 440 nm (ap,(X)/aph440 nm). The main df- 
ference between the two groups was the absorption at 
wavelengths 480-550 nm and 661 nm. The spectral 
shoulder observed near 545 nm has been reported as char- 
acteristic of cyanobacteria (Bidigare et al. 1989; Moore 
et al. 1995; Sathyendranath et al. 1996; and Jeffrey et 
al. 1997). Likewise, the absorption at 661 nm is char- 
acteristic of the divinyl chl a pigment and corresponds 
to the prochlorophytes group (Jeffrey et al. 1997). 

TABLE 3 
Spatial Variability by Station of Average Chlorophyll 

and Carotenoid Concentrations (mg mP3) 
in the Gulf of California 

Pigments (average) 

Chlorophyllide a 
Chlorophyll c 
19’ But-fucoxant 
Fucoxanthin 
19‘ Hex-fucoxant 
Prasinoxanthin 
Diadinoxanthin 
Alloxanthin 
Z e d L u t e i n  
Chlorophyll b 
Chlorophyll a 
Phaeopigment b 
Phaeopigment a 
Divinyl chla 

Station 
1 

0.1203 
0.0691 
0.0297 
0.1495 
0.1301 
0.0294 
0.0130 
0.0138 
0.2853 
0.1209 
0.7621 
0.0929 
0.0102 
0.0160 

Station 
2 

0.2647 
0.4120 
0.0369 
0.8704 
0.1067 
0.1217 
0.0479 
0.0111 
0.0923 
0.0681 
1.2569 
0.1910 
0.0245 
0.0170 

Station 
3 

Station 
4 

Station 
5 

0.2969 
0.5943 
0.2398 
0.7695 
0.0617 
0.1142 
0.0547 
0.0344 
0.0757 
0.1040 
1.1524 
0.2448 
0.0262 
0.0130 

0.1085 
0.0388 
0.0285 
0.0531 
0.0457 
0.0190 
0.0077 

0.0533 
0.0628 
0.1920 
0.0170 
0.0030 
0.0130 

- 

0.1808 
0.0919 
0.0597 
0.0692 
0.0522 
0.0080 
0.0113 

0.0470 
0.0681 
0.2384 
0.1227 
0.0071 
0.0530 

- 

In table 4 we show two algorithms, or empirical 
models, relating specific absorption of phytoplankton 
with the concentration of key pigments and with cell 
size. The best model ( r 2  = 0.80; p = 0.05) for a* at 440 
nm was achieved when the ratios zeax/chl a, cil” a/bio- 
volume, and biovolume cell-’ were included. For 
a* (674), the best model ( r 2  = 0.67; p = 0.05) was 
achieved when the ratios chl a/biovolume and zeax/chl 
a were considered. 

Ph. 

DISCUSSION 
During our study, the phytoplankton-specific absorp- 

tion coefficient varied both between stations and within 
stations. Two of the five stations showed that a* was 

were more variable than the values for u* (674. The 
values for a;,(440 nm) for stations 1, 4, and thwere hgher 
(-45%) than the values for stations 2 and 3. Stations 2 
and 3 were located near the large islands (fig. 1); this 
region of the gulf has the highest ratios of chlorophyll 
c and fucoxanthin to chlorophyll a, indicating that di- 
atoms dominate. This region is characterized by in- 
tense mixing (winds and tides), and typically has high 
primary productivity rates and blooms of microphyto- 
plankton (cells >20 pm). Stations 1 and 5 had higher ra- 
tios of chlorophyll a/biovolume, fewer diatom genera, 
and lower ratios of chlorophyll c and fucoxanthin to 
chlorophyll a, compared to stations 2 and 3. In general, 
stations 2 and 3, which exhibited the lowest specific ab- 
sorption coefficient, are located in a region where the 
environment favors the flourishmg of larger species within 
the phytoplankton community. Our findings agree with 
previous conclusions about the ecological implications 
of the variability of absorption efficiencies of natural 
phytoplankton communities (Lewis et al. 1985; Mitchell 
and Kiefer 198%; Yentsch and Phinney 1989; Bricaud 

higher for the deeper samples. The values for a gh ,(440) 
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Figure 6. Average phytoplankton absorption spectra by stations: a, specific 
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440 nm. The numbers to the left of the arrows show the position sequence of 
the spectral curves. 

TABLE 4 
Summary of Stepwise Regression Analysis for the 

Phytoplankton-Specific Light-Absorption Coefficient azh 
(440 and 674 nm) as a Dependent Variable 

Variables Partial cor. R2” Fb P level 

440 nm 
Zeadchla 0.778 0.578 20.07 .000624 
Chla/biovol 0.716 0.708 13.76 ,002642 
U1ovol/cel 0.563 0.800 6.05 ,028801 

674 nm 
Chla/biovol 0.800 0.504 22.75 ,000334 
Zeax/chla 0.683 0.671 11.35 ,004994 

‘Multiple coeficient of determination. 
bVariance ratio of the multiple regression 

and Stramsky 1990; Hoepfier and Sathyendranath 1992; 
Babin et al. 1993). 

One of the main objectives of our study was to elu- 
cidate the factors causing variability in the phytoplank- 
ton absorption coefficient in the &. For instance, several 
studies (theoretical and laboratory) have reported that 
the absorption coefficient is not constant, and have ar- 
gued that the variability is caused by the flattening of 
the absorption spectra due to particle effect (size, shape, 
and optical density of the particles) and the pigment 
composition (Duysens 1956; Morel and Bricaud 1981; 
Dubinsky et al. 1986; Sathyendranath et al. 1987; Mitchell 
and Kiefer 1988b; Sosik and Mitchell 1991; Kirk 1994). 

Morel and Bricaud (1981) argued that the paclung of 
chlorophyll into a cell physically changes the probabil- 
ity that an individual chlorophyll molecule will absorb 
a passing photon. As chlorophyll per cell increases at 
constant cell volume, the specific absorption coeffi- 
cient decreases. This pattern might occur if a single species 
were increasing its pigments, perhaps due to photo- 
adaptation, but not changing its size. However, in a 
natural phytoplankton community where the size spec- 
trum comprises diverse species, it is uncertain whether 
chlorophyll per cell volume will remain constant as cell 
size varies. Our data (fig. 7) showed that chlorophyll a 
per volume [ln(chlorophyll a/biovolume)] decreased as 
cell size [ln(biovolume cell-*)] increased. This pattern 
indicated that, at least during our sampling, chlorophyll 
per cell volume was not independent of cell size, as 
assumed in Morel and Bricaud’s (1 98 1) calculations. 
Because this particular model restriction was not met by 
the field data, it is not necessary to expect u* to vary 
inversely with cell size. And, in fact, it did not: When 
plotted as a function of ln(biovolume cell-’), neither 
u*,(674) nor u*ph(440) showed any discernable pattern 
(cfata not shown), and the relationships were not statis- 
tically significant. 

A second factor that might be significant in this 
discussion of cell size is a technical limitation. Only 

Ph 
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function of the cell sizes In(biovo1urne cell-') ( r 2  = 0.40; p = 0.05). 

The chlorophyll a/biovolurne In(chlorophyl1 a/biovolurne) as a 

phytoplankton cells >5 pm can be counted and sized 
with the inverted microscope technique. However, the 
absorption and pigment measurements could include 
small cells (>0.7 pm). The observations that >60% of 
the countable phytoplankton cells in our samples were 
in the nanophytoplankton (<20 pm) fraction might sug- 
gest that the cells in the uncounted <5 pm fraction were 
abundant. This systematic bias may contribute to the 
absence of the expected pattern of decreasing specific 
absorption coefficient with increasing cell size; in this 
data set we were not able to find a significant slope (data 
not shown). However, when we used the ratio chloro- 
phyll a/biovolume as an index of the size of the phyto- 
plankton community, we found that the highest specific 
absorption coefficients (u* 674 nm) corresponded to 

Ph 
stations 1 and 5, where small-size cells were abundant 

As pointed out before, changes in pigment compo- 
sition have also been associated with variations in phy- 
toplankton-specific absorption coefficient. In the Gulf 
of California, the average ratios of zeaxanthin/chloro- 
phyll a were high (up to 0.37). Of all the pigments stud- 
ied (table 3), the highest correlation (y2 = 0.58; y = 0.05) 
with a*,h was obtained between the ratio zeaxanthin/ 
chlorophyll a and a:,(440) (fig. 9). In general, the ratio 
zeaxanthidchl a can be used as a marker pigment for 
cyanobacteria and prochlorophytes (Kana et al. 1988; 
Bimgare et al. 1989; Falkowsh and Laroche 1991; Bricaud 
et al. 1995; Moore et al. 1995; and Sathyendranath et 
al. 1996). The distinctive divinyl chlorophyll a absorp- 
tion peaks (-661 nm) of prochlorophytes were observed 
at stations 1, 4, and 5 (fig. 6a). 

Cyanobacteria pigments are evident as absorption 
shoulders at 480 and 550 nm in the spectra from stations 
1, 4, and 5 (fig. 6b), indicating that the cyanobacteria 

(fig. 8). 
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group was present. Even though we could not directly 
count cyanobacteria (typically about 1 pm in diameter) 
with the inverted microscope technique, the presence 
of these small cells is evidenced by these absorption 
and pigment data. 

High a;h, is expected for small cells because of low 
or absent pigment-packaging effects; the presence of 
small cyanobacteria where zeaxanthin was high explains 
part of the pattern between a*ph(440) and zeaxanthin/ 
chlorophyll a shown in figure 9. Futhermore, zeaxan- 
thin manifests wavelength maxima at 454 and 480 nm 
(Jeffrey et al. 1997), typical of carotenoids; high at blue 
and blue-green wavelengths with a broad peak. When 
present, zeaxanthin is certainly responsible for some of 
the measured absorption at 440 nm, artificially increas- 
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ing uF,(440), which is normalized to chlorophyll a con- 
centration only. Indeed, u* (440) tended to be high 
where the pigment group $$C was high. The positive 
relation between a* (440) and the ratio of zeaxan- 
thin/chlorophyll a is probably due to the combined ef- 
fects of pigment composition and cell size, and to the 
related errors in the p factor caused by these small phy- 
toplankton on specific absorption, 

At stations 2 and 3, there was less variability in the 
magnitude of u* with depth in the water column (fig. 
4b, c), lower a':, and the lowest ratio of average zea- 
xanthidchl a (6.073 and 0.066), with no indication of 
absorption by cyanobacteria pigments (table 3). We con- 
firmed these observations by examining the exponen- 
tial curve of methanol-extracted particulate absorption 
spectra (data not shown). 

We used multiple regression analysis to explore 
whether cell size or pigment composition was more 
significant in the variability of the specific absorption 
coefficient (table 4). We found that the variability of 
u',,(440) was most strongly related first to the ratio of 
zeaxanthin/chlorophyll a (v2  = 0.58; p = 0.05), second 
to the ratio chlorophyll a/biovolume, and finally to bio- 
volume per cell, giving a final v2 of 0.80; other variables 
were not significant in the model. Our results are in line 
with laboratory results of Sathyendranath et al. (1987), 
who studied the particle and pigment composition ef- 
fect on the absorption spectra of eight species of phy- 
toplankton. They were able to explain 44% of the 
variability of the absorption efficiency at 440 nm by 
changes in the pigment composition. When the pigment 
packaging was included with pigment composition, 
the model explained up to 96% of the variation in ab- 
sorption efficiency. 

Our data showed greater variability in a',, at 440 nni 
than 674 nm. This difference results from strong ab- 
sorption in the blue region by carotenoids; however, 
their concentrations were not considered in our calcu- 
lations of the specific absorption coefficient. Variable 
contributions to u* ,(440) by carotenoids will increase 
variability in ~ ~ ~ ( 4 1 0 ) .  In the red region (674 nm), the 
main absorption IS due to chlorophyll a. Similar results 
have been reported by Sathyendranath et al. (1987) for 
laboratory cultures; Yentsch and Phinney (1989) for 
the western North Atlantic; Sosik and Mitchell (1991) 
for the California Current; and Sathyendranath et al. 
(1996) for the northwest Indian Ocean. 

Kiefer and SooHoo (1982) measured values for the 
specific absorption coefficient in Gulf of California 
waters in March 1979 and reported a mean value of 
0.022 m2(mg chl a)-' for a* (440). Yentsch and Phinney 
(1989) reported values for a$ (440) of -0.082 and -0.047 
for ~;,~(670) for the southern part of the gulf in March 
1988. Our October values for the central and northern 

P h  

gulf ranged from 0.020 to 0.056 m2(mg chl a)-l for 
u:,(440) and from 0.013 to 0.020 m2(mg chl a)-' 
for a',,(674). Yentsch and Phinney's values were higher 
than ours; they suggested that the high absorption val- 
ues were due to increased concentration of UV-photo- 
protective pigments. The data available for the Gulf of 
California (this paper; Kiefer and SooHoo 1982; Yentsch 
and Phinney 1989) are not sufficient for interpreting sea- 
sonal or interannual variability. 

For our data set, pigment composition was more 
important than cell size for determining the magnitude 
of u* (440). However, in order to explain 80% of the 
varia 1 i t y  in a*p,(440), a variable related to cell size was 
required. Most of the previous field work on the varia- 
tion of a',,(440) has focused on only one of these three 
variables at a time. Our results are significant because 
they illustrate the interaction of pigment composition 
and pigment packaging (through chlorophyll per cell 
volume and through cell size) in determining the mag- 
nitude of a*p,(440). 

CONCLUSION 
The spectra of phytoplankton belonging to the same 

taxonomic group tended to have similar shapes. The spe- 
cific absorption coefficient of phytoplankton was highly 
variable (spatial domain) in the gulf. Stations where the 
environment favors the development of microphyto- 
plankton (cells >20 pm) presented the lowest specific 
absorption coefficients because of the increased pigment- 
packaging effect in these biggest cells. Pigments, par- 
ticularly the photoprotectant pigment zeaxanthin, had 
the highest correlation with the absorption coefficient. 
Changes in pigment composition and cellular concen- 
tration were responsible for over 70% of the variability 
in the specific absorption coefficient at 440 nm, and- 
if biovolume per cell was included-the model explained 
up to 80% of the variance. 

The significance of these results lies in the concur- 
rent quantitative examination of several potential con- 
trols of the specific absorption coefficient: pigment 
packaging (i.e., the cellular concentration of chlorophyll 
a and the phytoplankton cell volume) and the con- 
founding effect of blue-absorbing accessory pigments. 
The statistical significance of the resulting multivariate 
relationships indicates that all three of these factors can 
influence the specific absorption coefficient. 

Chlorophyll per volume [ln(chl a/biovolume)] de- 
creased as cell size (biovolunie cell-') increased; theo- 
retical analysis that holds one variable constant while 
examining the other does not account for the situation 
observed in these particular phytoplankton communi- 
ties. The bigger cells did not maintain the same in- 
ternal concentration of chlorophyll per cell volume as 
the smaller cells; therefore, figure 8 shows that as ln(ch1 

g.l. 
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dbiovolume) decreased, indicating large cells, the u ;), 
decreased. Observations of a nonlinear relationship be- 
tween ~ ~ ~ ( 4 4 0 )  or u*ph(440) and chlorophyll a (e.g., Yentsch 
and Phinney 1989; Bricaud et al. 1995; Cleveland 1995) 
may indeed be due to a pigment-packaging effect re- 
lated to cell size, as postulated. But our results and some 
of those in Cleveland 1995 show that this situation is 
not always the case. As previously pointed out by 
Hoepffner and Sathyendranath (1992), accessory pig- 
mentation plays a significant role in the variability of 
u* (440). Perhaps it is time for the community to de- 
fine the specific absorption coefficient in terms that in- 
clude these other pigments. 

Ph 
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