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The RACER program (Research on Antarctic Coastal Eco-
system Rates) is an interdisciplinary study whose primary goal
is to examine the mechanisms controlling the planktonic eco-
system structure in the Antarctic Peninsula coastal environ -
ment (Huntley et al., Antarctic Journal, this issue). As part of
the phytoplankton component of this program, we have meas-
ured inorganic nutrient concentrations in conjunction with our
studies on temporal and spatial dynamics of phytoplankton
growth.

Most antarctic waters are characterized by low phytoplank-
ton biomass and high inorganic nutrient concentrations, a sit-
uation that has been described as the major "paradox" of the
southern ocean (El-Sayed 1987). Mitchell and Holm-Hansen
(in press) have recently modeled phytoplankton distribution
in the RACER study area and concluded that physical mixing
processes, with resultant influence on the mean irradiance
received by phytoplankton cells in the upper water column,
are primarily responsible for maintaining high nutrient con-
centrations in surface waters. Recently, however, Martin and
Fitzwater (1988) have suggested that the above "paradox" is
the result of iron limitation, at least in the pelagic areas of the
southern ocean. Data presented in this article and in an ac-
companying article (Holm-Hansen and Vernet, Antarctic
Journal, this issue) provide some insight into the relative
merits of these two hypotheses in coastal waters of the
Antarctic Peninsula.

Water samples were obtained at all stations from 11 depths
between the surface and 200 meters with 10-liter PVC Niskin
bottles attached to our instrumented profiling unit (see Hunt-
ley et al., Antarctic Journal, this issue, for station locations and
sampling strategy). All samples were analyzed on board ship
for nitrite, nitrate, silicate, and phosphate with an autoanalyzer
Technicon II using standard colorimetric procedures (Strick-
land and Parsons 1972). Ammonium was also measured on
board ship for three depths at each fast grid station and at all
depths for the intensive studies done at station A; some of
these data are described together with the nitrogen metabolism
study (Tupas, Koike, and Holm-Hansen, Antarctic Journal,
this issue).

Nutrient concentrations were generally high in surface waters
during the first fast grid (2 to 5 November), with phosphate,

nitrate, and silicate being in the range of 1.7 to 2.9 micromolar,
17 to 26 micromolar, and 77 to 95 micromolar, respectively.
There was a progressive decrease in concentration of all three
nutrients during November, so that by the fourth fast grid (22
to 24 November), concentrations for phosphate, nitrate, and
silicate at some stations were down to 0.1 micromolar, 0.2
micromolar, and 49 micromolar, respectively. The relationship
between these nutrients are shown by the data in figure 1,
blocks A and B, which include data for all depths at all stations.

There was a distinct pattern of nutrient depletion in the
mixed layer in the RACER study area, with the most nutrient
depletion occurring at those stations closest to the Antarctic
Peninsula, and the least nutrient depletion being found in
Bransfield Strait waters (north of Brabant Island) and at the
stations around Trinity Island. This can be seen from the data
in figure 2, which shows 5-meter nitrate values during fast
grids A and D.

The depletion of nutrients as noted above was related to
increasing stability of the upper water column and concomitant
increase of phytoplankton biomass (see Holm-Hansen and
Vernet, Antarctic Journal, this issue). Data in figure 3 show
nutrient concentrations at two contrasting stations during fast
grid C (16 to 18 November). At station FC08, the water column
did not have a well defined upper mixed layer, chlorophyll a
was low (about 1.2 micrograms per liter), and there was little
depletion of nutrients. At station FC04, there was a well de-
fined upper mixed layer of 10-meter depth, chlorophyll a was
high in this layer (average about 20 micrograms per liter), and
there was much depletion of nutrients as seen in figure 3,
block A. These profiles support the hypothesis that the build
up of phytoplankton biomass in coastal waters is limited by
stratification and not by inorganic nutrients, except perhaps
during maximal bloom development of over 20 micrograms of
chlorophyll a per liter.

The relationship between phytoplankton biomass and nu -
trient concentrations is also depicted in figure 1, which shows
chlorophyll a regressed against nitrate + nitrite (figure 1, blocks
C and D) and against phosphate (figure 1, block E). The ratios
of uptake of carbon, nitrogen, phosphorus, and silicon (by
weight), calculated from the slopes in figure 1, blocks A, C,
E, and assuming an average carbon-to-chlorophyll a ratio of
75 (Tupas, unpublished data), were 100/15.6/2.8/40. The car-
bon-to-nitrogen ratio of the phytoplankton in our RACER sam-
ples is close to the Redfield ratio of 106/16, but the carbon-to-
phosphorus ratio is close to three times that of the Redfield
ratio of 106/1. The carbon-to-silicon ratio of 100/40 agrees well
with the carbon-to-nitrogen-to-phosphorus-to-silicon ratios of
100/16.8/3.8/45 determined for particulate material by Sakshaug
(unpublished data) during the Arms Control Defense Agency
cruise (Holm-Hansen and Chapman 1983) in the Antarctic.
During the RACER cruise, the phytoplankton community, which
was dominated by diatoms (see Ferrario, Antarctic Journal, this
issue), thus appears to have relatively high contents of both
phosphorus and silicon.

The accumulation of phytoplankton biomass in the eastern
Gerlache Strait (see Holm-Hansen and Vernet, Antarctic Jour-
nal, this issue; Tien et al., Antarctic Journal, this issue) and the
depletion of nutrients in shallow upper mixed layers (10-25
meters) support the view that spring blooms can occur in coastal
waters of Antarctica when vertical mixing rates are reduced as
suggested by Mitchell and Holm-Hansen (in press).

We thank the crew of WV Polar Duke for support during the
cruise. This research was supported by National Science Foun-
dation grant DPP 88-17635 to 0. Holm-Hansen and M. Vernet.
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Figure 1. Interrelationships between inorganic nutrients and chlorophyll a concentrations in the RACER study area during November 1989.
A. Silicate regressed against nitrate (0-200 meters, all data). B. Phosphate regressed against nitrate (0-200 meters, all data). C. Chlorophyll
regressed against nitrate (0-50 meter). D. Chlorophyll regressed against nitrate (0-200 meters, all data). E. Chlorophyll regressed against
phosphate (0-200 meters, all data). (uM denotes micromolar.)
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Figure 2. Contours of nitrate concentrations (micromolar) at 5-meter depth throughout the RACER study area during fast grid A (2 to 5
November) and during fast grid D (22 to 24 November).
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Figure 3. Concentrations of nitrate, phosphate, and silicate in the upper water column (0-30 meters) at two contrasting stations. A. Station
FC04, characterized by high chlorophyll a concentrations (approximately 20 micrograms per liter) between 0- to 10-meter depth and <1.0
micrograms of chlorophyll a at depths greater than 20 meters. B. Station FC08, characterized by low chlorophyll a concentrations (ap-
proximately 1.2 micrograms per liter) throughout the upper 50 meters. (m denotes meter. 1iM denotes micromolar.)
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During the RACER pilot study in 1986-1987 (Huntley et al.
1987) many of the stations in and around Gerlache Strait showed
high phytoplankton biomass (>10 milligrams of chlorophyll a
per cubic meter; >400 milligrams of chlorophyll a per square
meter) during December and January. Because the phyto-
plankton biomass during the first sampling period in early
December was high (>8.0 milligrams of chlorophyll a per cubic
meter), it was obvious that the seasonal spring bloom of high
primary production had already started by the beginning of
our field work.

The RACER study in 1989, which sought to examine the
conditions necessary for the development of the annual phy-
toplankton bloom, thus made initial observations in early Oc-
tober and detailed observations throughout the month of
November (see Huntley et al., Antarctic Journal, this issue, for
overall description of program).

To interpret phytoplankton distribution relative to in situ
conditions in the upper water column, we used an instru-
mented rosette profiling system (Amos, Jacobs, and Hu, Ant-
arctic Journal, this issue) for simultaneous measurement of
pertinent physical, chemical, and optical conditions in the up-
per 200 meters of the water column. Water samples were ob-
tained from 10-liter Niskin bottles equipped with teflon-covered
springs. Chlorophyll a concentrations were measured by fluo-
rometric analysis (Holm-Hansen and Riemann, 1978). Rates of
primary production were measured by in situ deployments on
a free-floating buoy array using conventional radiocarbon
techniques.

Distribution of chlorophyll a in surface waters of the RACER
study area during the four "fast grids" in November of 1989
is shown in figure 1. It is seen that chlorophyll a concentrations
were low throughout much of the grid during fast-grid A but
were elevated (5-10 milligrams per cubic meter) in some of the
bays of the Antarctic Peninsula and in the vicinity of station
A. The bloom developed rapidly so that by fast-grid B many
stations on the eastern side of Gerlache Strait had chlorophyll
a concentrations of over 20 milligrams per cubic meter. Con-
centrations throughout the grid were generally somewhat lower
during the next two fast grids, but the lowest values were still
in Bransfield Strait and in the waters surrounding Brabant and
Trinity Islands. Integrated chlorophyll a values (0-100 meters)
showed similar patterns within the study area, with the con-
centrations ranging from <50 to >500 milligrams of chloro-
phyll a per square meter (Holm-Hansen unpublished data).

During our first work at station A (which is identical in
location to station 43 during the RACER studies in 1986-1987)
in early October, phytoplankton biomass in the upper 50 me-
ters was very low (approximately 0.3 milligrams of chlorophyll
a per cubic meter), and there was very little density stratifi-
cation of the upper water column. The bloom developed rap-
idly during the first 3 weeks of November, with average surface
chlorophyll a concentrations of 16 milligrams per cubic meter
between 13 and 15 November. Within 1 week (19 to 21 No-
vember) the bloom had already started to decline (figure 2),
with average surface chlorophyll a concentrations of 12.4 mil-
ligrams per cubic meter.

It is to be noted that these profiles shown in figure 2 rep-
resent the mean values for between 8 and 15 separate profiles
during each period we occupied station A. There was much
variation in the upper 200 meters of the water column in regard
to physical, chemical, and biological features. The variation in
chlorophyll distribution in the upper 40 meters at station A
during each of the 3-day intensive study periods is also shown
in figure 2. Although there was considerable variation within
any one 3-day period, it is seen that the lowest phytoplankton
biomass period was Al, with increasing concentrations through
period A3, which was followed by a decline in the crop as
seen during period A4.

High chlorophyll a concentrations were found only when
there was a relatively stable and shallow (<20 meters) upper
mixed layer. This is illustrated by the data in figure 3, which
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