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Several hypotheses of the Research on Antarctic Coastal Eco-
system Rates (RACER) program require data on phytoplankton
biomass and photosynthetic activity throughout the upper
water column over a relatively large and heterogeneous area
extending from shallow, inshore locations to deep, oceanic sta-
tions. (See Huntley et al. Antarctic Journal, this issue.) During
our fieldwork in 1986-1987, we employed conventional tech-
niques to document rates of primary production and phy-
toplankton biomass (see Holm-Hansen, Letelier, and Mitchell,
Antarctic Journal, this issue) and also explored alternative meth-
ods to provide comparable data more synoptically and with less
ship time.

Optical sensors provide a powerful tool to monitor quan-
titatively phytoplankton properties in natural waters. Previous
work in temperate and tropical waters (Mitchell 1987) indicates
that optical properties are good predictors of phytoplankton
chlorophyll a and the photoadaptative state of the phy-
toplankton. In order reliably to apply optical algorithms for
biomass estimates or primary production to the antarctic coastal
regions, traditional algorithms must be tested and verified.
Several important aspects of the optical properties may be dif-
ferent from those in temperate waters, including the fraction of
detrital absorption, the presence of glacial sediments, and pig-
ment complements of cells.

During the RACER cruises in 1986-1987, in situ optical proper-
ties in the upper 200 meters of the water column were deter-
mined as described in Mitchell, Menzies, and Holm-Hansen
(Antarctic Journal, this issue) and included downwelling irra-
diance (7 wavelengths), 2-'Tr downwelling irradiance (also
termed photosynthetically available radiation), upwelling radi-
ance (5 wavelengths), beam attenuation, and induced chlo-
rophyll a fluorescence. Particulate optical properties included
spectral absorption coefficients and excitation spectra of chlo-
rophyll a fluorescence determined according to the procedures
of Mitchell and Kiefer (1984). Extracted photosynthetic pig-
ments were also measured by high-performance liquid chro-
matography techniques as described by Vernet (1983).

Detailed spatial and temporal mapping of primary produc-
tion is essential to test the central RACER hypotheses (Huntley et
al., Antarctic Journal, this issue), but the traditional in situ radi-
ocarbon techniques require long periods of ship time at each
station. Recently, a few workers (Topliss and Platt 1986; Kiefer
and Booth 1986) have begun examining and testing a new op-
tical technique for measuring primary production. This tech-
nique involves determining the relationship between natural
fluorescence or solar-induced fluorescence of chlorophyll a and
gross primary production.

Based on theoretical and laboratory studies on the rela-
tionship between natural fluorescence and photosynthesis,
Kiefer and Booth (1986) have formulated equations which per-
mit calculation of daily gross primary production at any depth
from measurements of natural fluorescence at 683 nanometers
and the flux of photosynthetically available radiation. The equa-
tions they have developed include terms for the quantum yields
for photosynthesis and fluorescence. Preliminary studies sug-
gest that the ratio of these quantum yields is fairly constant, in
which case absolute values for these terms need not be derived
for each sampling depth. Kiefer and Booth (1986) found a good
correlation between measurements of L,,683 (upwelling radi-
ance at 683 nanometers) throughout the euphotic zone and
calculated gross primary production in tropical waters (Kiefer
unpublished data). During the RACER studies, we measured all
the essential parameters which are needed to evaluate this
approach for future application in antarctic waters. Data in
figure 1 indicate that the rate of measured primary production is
linear with the natural fluorescence over the broad range of
production rates observed. The linear regression fit to the data
is significant (r2 = 0.8; n = 50; P < 0.05) but much variance is left
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Figure 1. The relationship between the instantaneous rate of natural
fluorescence (L683) at depth and primary production as deter-
mined with in situ radiocarbon incubations. ("mgC m3 h-1" de-
notes "milligrams of carbon per cubic meter per hour.")

unexplained, especially in the low production/fluorescence do-
main, by this initial simplistic analysis. Further analyses and
interpretation of our data will be informative in regard to testing
the assumptions and equations used in these calculations.

During the "fast" grid (see Huntley et al., Antarctic Journal,
this issue), it took 4.5 days to cover all 69 stations within the
RACER study area. It would be of much value if a more synoptic
picture of phytoplankton biomass and rates or primary produc-
tion within the entire study area could be obtained by sensors
located on aircraft or satellites. Changes in the shape of spectral
reflectance from ocean water are the basis of remote sensing
algorithms for pigments (Morel and Prieur 1977; Gordon et al.
1980). The reflectance is defined as:

R = L,/E (1 where L, is the upwelling radiance and Ed is the
downwelling irradiance at a specific wavelength. Morel and
Prieur (1977) demonstrated that the ratio of reflectance at 560
nanometers to reflectance at 441 nanometers is a useful predic-
tor of the sum of chlorophyll and phaeopigment con-
centrations. A preliminary analysis of data from the RACER

1986-1987 field year is presented in figure 2. More work must be
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Figure 2. The relationship between the ratio of reflectance at 560 and
441 nanometers and chlorophyll a plus phaeopigment con-
centrations for five stations during the RACER 1986-1987 field year.
("mg rti3" denotes "milligrams per cubic meter:')

conducted with the entire data set (more than 300 stations) to
validate traditional predictive algorithms for these waters, or to
develop new algorithms for application to the interpretation of
remote sensors or long-term mooring signals in these high-
latitude waters.

The estimation of primary production from remote sensing of
near-surface pigments suffers from many difficulties, one of
which is that chlorophyll a specific rates of production can vary
by over a factor of three for natural populations (Mitchell 1987).
The importance of the photoadaptive state of the algae in regard
to reliability of estimates based on remote sensors has been
cited as one of the major limitations of the method by Eppley et
al. (1985) and Collins et al. (1986).

During the RACER studies, we supplemented our con-
ventional phytoplankton studies with analyses designed to
give us information on the photoadaptive state of the cells as
related to physical mixing processes and measured rates of
photosynthetic activity. In addition to the usual photosynthesis
vs. irradiance studies (e.g., Platt et al. 1982; Sakshaug and
Holm-Hansen 1986), we also investigated the utility of optical
parameters as predictors of photohiological adaptation. This
included determination of spectral absorption coefficients
(Mitchell 1987) and excitation spectra for chlorophyll a fluores-
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Figure 3. Photoadaptive index plotted against optical depth (K;s,Z)
for four RACER stations. Station 20 is in the Drake Passage (4,000
meters), while the other three stations are in either the Bransfield
Strait or the Gerlache Strait. ("Cp/Chl a + Phaeo" denotes the ratio
of the particulate beam attenuation coefficient to chlorophyll a plus
phaeopigment concentration:')
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cence (Mitchell and Kiefer 1984; Neori et al. 1984). For waters
with negligible concentrations of inorganic sediments, the par-
ticulate beam attenuation coefficient (C e) is proportional to par-
ticulate organic carbon concentrations. The ratio of C to chlo-
rophyll a plus phaeopigment concentration provides a sensitive
photoadaptive index (Kiefer 1984). Data in figure 3 show C1,
plotted against optical depth for four RACER stations in January
1987. It is seen that stations 48, 13, and 43 all showed low values
for the photoadaptive index, indicating that even mixed-layer
phytoplankton populations are low light adapted, suggesting
chronic light limitation of the ecosystem. It should be noted that
these three stations all had high chlorophyll a concentration in
the upper mixed layer (4-20 milligrams per cubic meter). Sur-
face photoadaptive-index values for station 20 (Drake Passage)
were high (approximately 0.5), suggesting a high carbon/chlo-
rophyll a ratio in these cells. The phytoplankton biomass was
low at this station (approximately 0.5 milligram of chlorophyll a
per cubic meter), and the surface cells appear to be adapted to
high-light intensities.

Our preliminary analysis of the RACER optical data indicates
that optical properties will be valuable analytical tools to give
information on biomass concentrations, photosynthetic rates,
and photoadaptational status of the phytoplankton. Optical
sensors are extremely versatile and may be deployed as profilers
for rapid collection of data on time and space scales comparable
to physical oceanographic sensors. In addition, they may be
moored or used to assess oceanic properties from remote plat-
forms. In future studies, it is anticipated that such optical sen-
sors will supplement, and partially replace, some conventional
measurements which are costly in regard to personnel and ship
time.

The shipboard studies were done by B.C. Mitchell, R.
Letelier, and C. Stallings (6 December 1986 to 8 February 1987)
and 0. Holm-Hansen, P. Wade, and D. Menzies (8 February to 6
April 1987). This research was supported by National Science
Foundation grant DPP 85-19908.
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