
GAXIOLA-CASTRO AND ALVAREZ-BORREGO: RELATIVE ASSIMILATION NUMBERS OF PHYTOPLANKTON 
CalCOFl Rep., Vol. 32,1991 

RELATIVE ASSIMILATION NUMBERS OF PHYTOPLANKTON ACROSS A SEASONALLY 
RECURRING FRONT IN THE CALIFORNIA CURRENT OFF ENSENADA 
GILBERT0 GAXIOLA-CASTRO 
Centro de Investigaci6n Cientifica y 

de Educacion Superior de Ensenada, B.C. 
Kil6metro 105 Carretera Tijuana-Ensenada 

Ensenada, Ba,ja California, Mexico 

ABSTRACT 
Higher surface chlorophyll u concentrations (Chl 

a) and integrated primary productivity (PP) have 
been reported for the cold side of a seasonally recur- 
ring front in the California Current. To test the 
hypothesis that greater PP at the cold side may par- 
tially be due to  higher assimilation numbers 
(ingC.mgCh1 a-'.h-') of phytoplankton than those 
on the warm side, we generated photosynthesis- 
irradiance (P-I) curves for whole communities sam- 
pled across the front. Our data do not support the 
hypothesis. No differences were evident between 
our relative assimilation number values from both 
sides of the front. Higher PP values at the cold side 
seem to be due to the shallower subsurface Chl u 
maximum, which causes less limitation of light for 
the phytoplankton. 

RESUMEN 
Se han reportado valores m5s altos de concentra- 

cion superficial de clorofila (Clf a) y productividad 
primaria integrada (PP) para el lado frio de un frente 
estacionalmente recurrente en la Corriente de Cali- 
fornia. En julio de 1985 generamos curvas fotosin- 
tesis-irradiancia de comunidades de fitoplancton 
inuestreadas a traves del frente para probar la hip6- 
tesis de que la mayor PP en el lado frio se debe 
parcialmente a que 10s nliineros de asiinilacion 
(mgC.mgClf a-'-h-') son mayores que 10s del lado 
caliente. Nuestros datos no apoyan la hip6tesis. Los 
valores de nliineros de asimilaci6n relativos de am- 
bos lados no muestran una diferencia evidente. Los 
valores mis  altos de PP del lado frio parecen deberse 
a una posici6n mis soinera del mixinio subsuperfi- 
cia1 de Clf a,  lo cual causa una menor limitation de 
luz para el fitoplancton. 

INTRODUCTION 
Studying satellite images of phytoplankton pig- 

ments off California, Peliez and McGowan (1986) 
described a latitudinally oriented, sharp front just 
south of San Diego. This front starts about 160 kin 
off the coast and extends some 500 kin offshore. It is 
- 
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a persistent feature of the region. According to these 
authors, its phytoplankton pigment content changes 
approximately threefold over a distance of some 50 
kilometers. The front retains its identity throughout 
the year, though it may wobble, tilt, or change po- 
sition. In addition, the pigment gradient across the 
boundary changes markedly with time. During 
summer, the boundary shifts slowly to the south, 
reaching its southernmost position by mid- or late 
summer (off Ensenada, Baja California). T h e  
boundary is sharp and distinct in spring and early 
summer. By late summer, however, it is distinctly 
less intense (the pigment gradient is not as steep), 
and its outer edge erodes and ruptures. Peliez and 
McGowan (1986) also indicated that the large-scale 
phytoplankton pigment patterns for a given season 
tended to reappear from one year to another in the 
three years analyzed. Thomas and Strub (1990) re- 
ported similar dynamics at a zonally oriented frontal 
region within the California Current north of 33"N. 

In order to describe the vertical structure and dy- 
namics of the physical, chemical, and biological 
properties associated with the persistent, seasonally 
recurring feature studied by Peliez and McGowan 
(1986), the FRONTS cruise aboard RV New Horizon 
of the Scripps Institution of Oceanography (SIO) 
was carried on in July 3985 (Haury et al. 1986). As 
part of this project, we studied the photosynthesis- 
irradiance relationship of phytoplankton communi- 
ties sampled across the front. 

Simultaneous to our cruise, an independent study 
was being made by PrCzelin et al. (1987) and Smith 
et al. (1987) across a coastal front in the Southern 
California Bight. PrCzelin et al. (1987) reported on 
the diurnal patterns of size-fractionated photosyn- 
thetic parameters and on the algal groups dominat- 
ing the phytoplankton communities across the 
front. Their data showed that either nannoplankton 
or netplankton can dominate natural phytoplankton 
assemblages in coastal frontal regions. Their study 
documents the range of variability possible in diur- 
nal patterns of size-fractionated photosynthesis and 
illustrates that a general view of the size-dependency 
in assimilation numbers and diurnal patterns of pho- 
tosynthesis cannot be supported. 
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The purpose of our work was to report on the 
changes of assimilation numbers (E':), or maximum 
photosynthetic rates in per unit chlorophyll u at  op- 
timum irradiance, of whole phytoplankton com- 
munities sampled across the Ensenada front 
described by PelPez and McGowan (1986). To gen- 
erate the P-I curves, incubation experiments were 
performed only at noon; thus we describe only spa- 
tial changes of assimilation numbers. The hypothe- 
sis to be tested is that greater primary productivity 
at the cold side of the front may partially be due to 
higher assimilation numbers of phytoplankton. 
This will help to explain the strong changes of pig- 
ment concentrations and primary productivity 
across the front. 

METHODS AND MATERIALS 
The FRONTS cruise was divided into two legs. 

During the first leg, from 1 to 11 July 1985, an inten- 
sive series of CTD casts was made to find the 
boundary. A strong cold frontal area was also de- 
tected in satellite AVHRR images sent to the ship 
(Haury et al. 1986). During this leg we performed 
I4C incubations to describe the vertical distribution 
of P: for three hydrographic stations (A, B, and C; 
figure 1). Vertical profiles of photosynthetically ac- 
tive radiation (PAR) were obtained with a Biospher- 
ical Instruments quantum scalar irradiance meter, 
model QSP 170BR. We monitored PAR from the 
sun and sky with a solar hemispherical sensor 
(BIQSIM, model QSR-240). 

Samples were collected, in special casts, from 
depths corresponding to loo%, 50%, 25%, lo%, 
and 1% of irradiance incident just below the surface 
(Eo). Samples were obtained with 7-1 Niskin bottles 
with clear neoprene rubber closures. Sixteen sub- 
samples were drawn from each depth into 125-ml 
incubation glass bottles, which were inoculated 
with 14C as NaHCO,. Two replicate samples from 
each depth were incubated on board, in sunlight, at 
each of eight irradiances: 88%,  6O%, 45%, 229'0, 
5.5%, 4%, 3%, and 1% of solar irradiance mea- 
sured on deck. The incubator consisted of acrylic 
tubes with black plastic filter screens to control ir- 
radiance. Incubation irradiances were measured in- 
side empty bottles and tubes. Incubations were done 
between 1100 and 1400 hrs. After about 2 hours of 
incubation, samples were filtered onto 0.45-pm- 
pore membrane filters and placed in scintillation 
vials. One-half ml of 10% HC1 was added to each 
sample, which was then allowed to sit uncovered at 
room temperature for 12 hours (after Lean and Bur- 
nison 1979). Then 10 ml of scintillation fluor were 
added to each sample, and the samples were taken to 

S I 0  where the radioactivity was determined with a 
scintillation Beckman LS 100 counter. 

During the second leg, 12 to 23 July, we ran eight 
14C incubation experiments to determine P: for 
samples from depths corresponding to 100% and 
50% E, (stations D through K, figure 1). Incuba- 
tions were done at noon, as in the first leg, but in- 
stead of two replicate samples from each depth we 
used five at  each incubation irradiance. Two incu- 
bation experiments of the first leg and four of the 
second were done for stations at the warm side of the 
front, the other five experiments were done for sta- 
tions at the cold side (figure 1). 

Two transects across the front were sampled dur- 
ing the second leg. The southwest-to-northeast 
transect was covered three consecutive times, while 
the northwest-to-southeast transect was covered 
only once, with a total of 37 hydrographic stations 
for both transects (Haury et al. 1986). Besides these 
37 stations, we occupied 8 more for our incubation 
experiments, so that our sampling was done around 
1000 hrs. For each sampled depth, we also measured 
dissolved oxygen concentration (02), nutrients 
(PO,, NO,, NO,, and SiO,), chlorophyll u (Chl a), 
phaeopigments, and phytoplankton abundance. 

We determined O2 by the Winkler method as 
modified by Carpenter (1965), using the equipment 
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Figure 1. Station locations for second leg of FRONTS cruise. Letters indicate 
the positions of our incubation experiment stations. Data reported by Haury 
et al. (1986) are from stations represented by numbers. Triangles represent 
stations from the warm side of the front; circles represent those from the cold 
side. 

92 



GAXIOLA-CASTRO AND ALVAREZ-BORREGO: RELATIVE ASSIMILATION NUMBERS OF PHYTOPLANKTON 
CalCOFl Rep., Vol. 32,1991 

and procedure outlined by Anderson (1971). We used 
an automated analyzer at sea to determine nutrients, 
with procedures similar to those described in Atlas 
et al. (1971). Chlorophyll was measured with a fluo- 
rometric technique (Yentsch and Menzel 1963; 
Holm-Hansen et al. 1965). Chl u samples were ob- 
tained with 0.45-pm-membrane filters. We ex- 
tracted pigment following Venrick and Hayward 
(1984): we placed the filters in scintillation vials con- 
taining 10 ml of 90% acetone, and refrigerated them 
for 24 hours. The samples were then brought to 
room temperature; their fluorescence was deter- 
mined, before and after acidification, with a Turner 
Designs fluorometer. Phytoplankton abundance 
was determined by the Utermohl (1958) inverted 
microscope technique, and cells greater than 8 pm 
were counted apart from the smaller ones. 

Photosynthesis data (per m3) were normalized per 
unit Chl u to obtain assimilation ratios (P"). Photo- 
synthesis-irradiance curves were drawn, and assim- 
ilation numbers ( P t )  were estimated by eye-fitting, 
in each case, with the mean of PB's for the replicates 
at the optimum irradiance. Then, all Pt's were di- 
vided by the largest one of our data set (2.88 
mgC.mgCh1 u-'*h- ') to obtain relative assimilation 

DB 

). The 14C activity added m numbers (RP: = 
P:(max) 

to the incubating samples was constant, but unfor- 
tunately its absolute value is uncertain, which is 
why we use relative assimilation numbers instead of 
absolute values. 

RESULTS 
The temperature front was detected at station 6, 

31"44.8'N, where the 18°C isotherm was almost ver- 
tical from the surface to 35-m depth (figure 2a). 
Across the front, measured sea-surface temperatures 
ranged from more than 19°C at the south, to less 
than 16.5"C at the north, in a distance of about 160 
km. Surface Chl u values ranged from less than 0.08 
rng*m-, at the warm side of the front to more than 
0.25 mg.m-3 at  the cold side (figure 2b). 

The isopleths showing the vertical distribution of 
Chl a,  0,, NO,, PO,, and SiOz sloped upward from 
the warm to the cold side, mainly at the front itself 
(figure 2b-f). The subsurface Chl u maximum 
changed depth from about 90 m at the south to near 
10 m at the north, and its concentration changed 
slightly from about 0.30 rng*rn-, at the south to 
about 0.25 mg-m-" at the north. The two northern- 
most stations had a homogeneous vertical distribu- 
tion of Chl a from the surface to 70 m, with values 
between 0.20 and 0.30 mg-m-". The subsurface 0, 
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Figure 2. Vertical distributions of a, temperature; b,  chlorophyll a (mg-m-"); 
c, oxygen (rnl.1 '); d, nitrate (pM); e, phosphate (pM); and f, silicate (pM). 

maximum did not coincide with the Chl u maxi- 
mum: the 0, maximum was between 50 and 60 m 
at the south of the front and between 30 and 40 m at 
the north. 

Surface values of NO, were relatively low along 
the whole transect, but greater than 0.1 pM. The 
0.5-pM NO, isogram was deeper than 90 m at the 
southernmost station, and only 30 m deep at the 
northernmost station; below this isogram, there was 
a steep NO, vertical gradient, with the 5-pM iso- 
gram only 20 m deeper (figure 2d). PO, surface val- 
ues were slightly greater at the cold side of the front, 
with concentrations of 0.4 pM, compared to values 
between 0.30 and 0.35 p M  at the south. Conversely, 
SiO, surface values were slightly greater at the 
warm side of the front, with concentrations as high 
as 2.8 pM, compared to values as low as 1.6 pM at 
the north (figure 2). PO, and SiO, presented steep 
vertical gradients like NO,, starting at the same 
depth (figure 2d-0. NO, surface values varied from 
undetected to 0.03 pM; its values at the nutricline 
were between 0.05 and 0.20 pM, with maximum 
values at depths changing from 105 m at the south- 
ernmost station to 60 m at  the northernmost one 
(data not presented). 

The depth corresponding to 1% E, was greater at 
the warm side of the front than at the cold side: 82- 
88 m at the warm side, and 59-65 m at the north 
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TABLE 1 
RPZ Values for Communities of Phytoplankton Sampled from the Indicated Light Levels, Total Phytoplankton 

Abundance (cells-ml-I), and Abundance of the tS-p,m Size Fraction 

S TA. 

A 

8 3  

4 

0 

8 2  

6 

C 

5 9  

9 

PHYTOPLANKTON 
Z ( m )  % E, RP: TOTAL c8ym 

0 IO0 0 . 2 5  

8 5 0  0 . 2 9  I l l  9 7  

I 6  2 5  0. 2 6 8 5  7 2  

3 6  I O  0 . 3 9  7 4  6 2  

8 3  I 0 . 0 7  8 9  7 7  

0 IO0 1.00 I I 4  6 8  

2 5 0  0 .75 1 8 4  1 7 3  

1 4  2 5  0 . 6 5  1 4 2  I 1 7  

3 2  I O  0 . 6 6  I 1 2  9 8  

8 2  I 0 . 2 4  I I 6  I O 6  

0 I O 0  0 . 3 9  I 3 6  I 2 6  

4 5 0  0.28 I 0 4  9 1  

I O  2 5  0 . 4 6  7 7  5 5  

2 4  I O  0 . 3 9  I 1 4  1 0 1  

5 9  I 0.18 1 4 2  I 2 4  

~~ ~ ~ 

IO0 0 . 5 3  2 I 6  I 7 5  

5 0  0 . 6  I 2 4 2  2 0 9  8 8  

0 . 2 0  

IO0  0 . 3 3  1 4 7  I 2 8  
6 4  
1 7  5 0  0 . 2 8  2 6  2 2  

H I 0  100 0 . 4 3  I 5 6  1 3 6  

I 8  5 0  0 . 3 5  4 3  3 2  

IO0 0 . 5 8  1 1 3  9 7  

1 9  3 5 0  0 . 5 1  7 2  5 4  

1:; 0 . 4 9  I I 5  9 I 

[; 1 6 1  
2 1  

0 . 3 7  4 6  2 3  

IO0 0 . 3 4  I 2 5  I08 

2 5 0  0 . 2 8  6 4  3 2  

Numbers under statiou letters are the 1% E,, depth in meters (e.g., 83), and the sampling date in July (e.g., 4). 

(table 1). This is a less steep gradient than the one 
shown by the nutrient isograms across the front, so 
that the 1% E, depth is much farther into the nutri- 
cline at the cold side of the front than at the south. 
The 50% E,, depth varied from 2 to 8 m, usually 
falling at  2-3 m. 

Although only cells larger than about 2.5 pm are 
counted with our inverted microscope, nanno- 
plankton was always the most abundant fraction (ta- 
ble l). Counted cells smaller than 8 p m  were 
between 50% and 95% of total counts, mostly fall- 
ing between 75% and 85%. There was no difference 
in either total abundance or percent abundance of 
nannoplankton between the warm and the cold side 
of the front. Microflagellates were the dominant 
counted group in all cases. 

All of our samples showed photoinhibition at high 
irradiances. Because we only had four discrete high 
irradiances in our incubation experiments, it was not 
possible to precisely determine the values of opti- 
mum or saturating light. But our data show that in 

most cases light saturation was reached at about 250 
micro-Einsteins-m-’-s-’ (figure 3). Although there 
were some higher values of RPE at the warm side of 
the front with respect to those on the cold side, there 
was no clear spatial pattern. No difference was evi- 
dent for RP: values from one side to the other of the 
front, or between the 100% and 50% E,, depths (ta- 
ble l). One standard deviation of RP: values for the 
100% E,, depth of cold stations was 0.06; that of 
warm stations was 0.26. For the 50% E, depth it was 
0.06 for the cold stations and 0.23 for the warm 
stations. For stations A, B, and C, RPf was rela- 
tively constant from the sea surface to the 10% E,, 
depth, but its values were lower at the 1% E,, depth. 

DISCUSSION 
The front has a clear effect on the spatial distri- 

bution of seawater properties down to more than 
100 m. At 120 m, temperature (“C), Chl a,  and O2 
were clearly lower, and nutrients were higher at the 
north than at the south of the front (figure 2). The 
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Figure 3. Examples of photosynthesis-irradiance curves for two stations at 
the cold side of the front (F and K), and two at the warm side (H and I). 
Sampled light levels (percentages) are beneath the station letters. pE means 
micro-Einsteins (micromoles of photons). 

subsurface Chl (I maximum is a widespread feature 
mainly present in summertime, but often also found 
during winter (Shulenberger and Reid 1981; Al- 
varez-Borrego and Gaxiola-Castro 1988; J. J. Cullen, 
Bigelow Laboratory, pers. comm.). It does not seem 
to occur so deep in the coastal waters of the Califor- 
nia Current (Venrick et al. 1973). South of the front, 
salinity presented a subsurface minimum (Haury et 
al. 1986), closely coinciding with the Chl (I maxi- 
mum. South of the front, surface salinity was 
33.6%n, and it was 33.3%n at the minimum. North of 
the front, S%O values were very uniform, around 
33.3%0, from the sea surface to 60 m. This uniform- 
ity, a weaker thermocline, and the homogeneous 
vertical Chl (I distribution at stations G, E and J, and 
also from the sea surface to around 70 m all indicate 

relatively stronger mixing processes at the north of 
the front than at the south. 

Integrated primary productivity for the water 
column was between two and three times greater to 
the north of the front than to the south, although 
integrated Chl a was only slightly higher at the north 
(data from Haury et al. 1986). The highest Chl a 
values were distributed from the sea surface to 70- 
m depth at the north, whereas at the south they were 
distributed between 70 and 120 m (figure 2b). Thus, 
greater integrated primary productivity at  the north 
resulted from more light being available to phyto- 
plankton there. Surface Chl (I values at the north side 
of the front were an order of magnitude lower than 
those considered to be characteristic of coastal con- 
ditions. Conditions at the south of the front were 
similar to those reported for the central North Pa- 
cific by Hayward (1987). The subsurface O2 maxi- 
mum had values up to 0.3 ml-l-' higher at the north 
of the front than at the south, and this also indicates 
higher primary productivity at the north. This O2 
maximum is a summer feature arising from the pho- 
tosynthetic production of oxygen, which accumu- 
lates because the overlying density cap retards its 
equilibration with the atmosphere (Shulenberger 
and Reid 1981). 

Our data do not support the hypothesis that 
higher primary productivity at  the north was due to 
a higher photosynthetic potential per unit of chlo- 
rophyll. Relative assimilation numbers were practi- 
cally the same at both sides of the front. Thus 
differences in primary productivity across the front 
are not due to differences in light adaptation of the 
phytoplankton communities. At the north, the 1 O/O 

E,, depth was well into the nutricline. However, this 
greater nutrient availability did not cause higher 
RP:'s. 

Light saturation, or optimum light, for samples 
from 50% and 100°/~ light levels was reached in most 
cases at 22%-28% E,, (figure 3) .  This indicates phy- 
toplankton's adaptation to relatively low light levels, 
and, in turn, its relatively long residence times at 
depths higher than those from which it was sam- 
pled. The phytoplankton sampled from 0-8-m 
depth may have moved up and down the water col- 
umn to depths at least greater than 20 m. Falkowski 
(1983) examined the hypothesis that the recent light 
history of phytoplankton contains information 
about vertical mixing processes in the euphotic 
zone. He used a model to estimate vertical displace- 
ment rates of phytoplankton in the New York 
Bight. Lewis et al. (1984) concluded that the vertical 
mixing induced by turbulence largely controls the 
photosynthetic performance of algae in nature. RP: 
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values of the 1% E,, depth at stations A, B, and C 
(table 1) were lower than those of shallower depths. 
This was due to phytoplankton’s greater residence 
time at depth in the first case. When phytoplankton 
become conditioned to lower irradiances, assimila- 
tion numbers decrease (Prezelin and Matlick 1980; 
Falkowski 1981). 

PrCzelin et al. (1987) studied the diurnal changes 
of assimilation numbers for phytoplankton com- 
munities sampled from the SO%, lo%, and 1 ‘/o E,, 
depths, across a coastal front in the Southern Cali- 
fornia Bight. Our  results agree with those of Prk- 
zeliii et al. in that, contrary to previous reports of 
netplankton flagellates dominating frontal bound- 
aries, the nannoplankton was the most abundant size 
fraction. 

ACKNOWLEDGMENTS 
%‘e thank L. R. Haury and E. L. Venrick for their 

kind invitation to participate in FRONTS cruise, 
and for their support with materials and equipment. 
We are very grateful to G. C. Anderson and other 
technicians of the Marine Life Research Group at 
S I 0  for their help in analyzing samples. We also 
thank S. Silva-Cota, G. Torres-Moye, and V. E Ca- 
macho-Ibar for their invaluable assistance during the 
cruise. J. M. Dominguez did the final drawing of 
figures. We thank John J. Cullen of Bigelow Labo- 
ratory and an anonymous reviewer for their valuable 
criticisms of an earlier version of this work; their 
suggestions significantly improved the manuscript. 

LITERATURE CITED 
Alvarez-Borrego, S., and G. Gaxiola-Castro. 1988. Photosynthetic pa- 

rameters of northern Gulf of California phytoplankton. Cont. Shelf 
Res. 8(1):37-47. 

Anderson, G. C .  1971. Oxygen analysis, marine technician’s handbook. 
S I 0  Ref. No. 71-8, Sea Grant Pub. No. 9. 

Atlas, E. L., J. C. Callaway, R. D. Tomlinson, L. 1. Gordon, L. Bar- 

stow, and P. K. Park. 1971. A practical manila1 for use of the Techni- 
con@ AutoAnalyzera in sea water nutrient analysis, revised. Oregon 
State Univ. Tech. Rep. 215, Ref. No. 71-22. 

Carpenter, J. H. 1965. The Chesapeake Bay Institute technique for the 
Winkler dissolved oxygen method. Limnol. Oceanogr. 10(1):141-143. 

Falkowski, P. G. 1981. Light-shade adaptation and assimilation num- 
bers. J. Plankton Res. 3(2):203-216. 

~. 1983. Light-shade adaptation and vertical mixing of marine 
phytoplankton: a comparative field study. J. Mar. Res. 41215-237. 

Haury, L.  R. ,  F? M. Poulain, A. W. Mantyla, E. L. Venrick, and F? F? 
Niiler. 1986. FRONTS cruise. Data Rep. S I 0  Ref. No. 86-23. 

Hayward, T. L. 1987. The nutrient distribution and primary production 
in the central North Pacific. Deep-sea Res. 34(9):1593-1627. 

Holm-Hansen, O., C.  J. Lorenren, R. W. Holmes, and J. D. H. Strick- 
land. 1965. Fluorometric deternmination of chlorophyll. J. Cons. 
Pcrm. Int. Explor. Mer 30:3-15. 

Lean, D. R. S., and B. K.  Burnison. 1979. An evaluation oferrors in the 
“C method ofprimary production nieasurenicnt. Limnol. Oceanogr. 
24(5) :917-928. 

Lewis, M .  R., E. P. W. Horne, J. J. Cullen, N .  S.  Oakey, and T. Platt. 
1984. Turbulent motions may control phytoplankton photosynthesis 
in the upper ocean. Nature 311:49-50. 

Peliez, J., and J. A. McGowan. 1986. Phytoplankton pigment patterns 
in the California Current as determined by satellite. Limnol. Ocean- 
ogr. 31(5):927-950. 

Prtkelin, B. B., and H. A. Matlick. 1980. Time-course of photoadap- 
ration in the photosynthesis-irradiance relationship of a dinoflagellate 
exhibiting photosynthetic periodicity. Mar. Biol. 58:85-96. 

Prezelin, B. B., K. R. Bidigare, H .  A. Matlick, M. Putt, and 8. Ver 
Hoven. 1987. Diurnal patterns of size-fractionated primary produc- 
tivity across a coastal front. Mar. Biol. 96:563-574. 

Shulenberger, E., and J. L. Reid. 1981. The Pacific shallow oxygen 
maxinmuni, deep chlorophyll maximum, and primary productivity, 
reconsidered. Deep-sea Res. 28A(9):901-919. 

Smith, R. C., R. K. Bidigare. B. B. Prezelin, K.  S. Baker, and J. M. 
Brooks. 1987. Optical characterization of priniary production across 
a coastal front. Mar. Biol. 06:575-591. 

Thomas, A. C . ,  and P. T. Struh. 1990. Seasonal and interannual vari- 
ability of pigment concentrations across a California Current frontal 
zone. J. Geophys. Res. 95(C8):13,023-13,042 

Utermohl, H. 1958. Zur  vervollkommnung der quantitativen phyto- 
plankton methodik. Mitt. Int. Ver. Theor. Ang. Limnol. 9:l-38. 

Venrick, E. L. ,  and T. L. Hayward. 1984. Determining chlorophyll on 
the 1984 CalCOFI surveys. Calif. Coop. Oceanic Fish. Invest. Rep. 
25:74-79. 

Venrick, E. L . ,  J. A. McGowan, and A. W. Mantyla. 1973. Deep max- 
ima of photosynthetic chlorophyll in the Pacific Ocean. Fish. Bull. 
71:41-52. 

Yentsch, C .  S. ,  and D. W. Menzel. 1963. A method for the determina- 
tion of phytoplankton chlorophyll and phaeophytin by fluorescence. 
Deep-sea Res. 10:221-231. 

96 




