
situ and simulated conditions, duration of experiments, and
particle size.

We would like to thank the Captain and crew of the R/V
Polar Duke, 0. Holm-Hansen, M. Ferrario, and L. Tupas for
assistance and equipment; D. Karl for providing the sediment-
trap samples; and E. Brody for data analyses. This project was
funded by National Science Foundation grant DPP 88-17635 to
0. Holm-Hansen and M. Vernet.

References

Currie, R.I. 1962. Pigments in zoop!ankton faeces. Nature, 193, 956-
957.

Downs, J.N. 1989. implications of the phaeopigment, carbon and nitrogen
content of sinking particles for the origin of export production. (Ph.D.
Thesis, University of Washington, Seattle, Washington.)

Holm-Hansen, 0., and B.C. Mitchell. In press. Spatial and temporal
distribution of phytoplankton and primary production in the west-
ern Bransfield Strait region. Deep-Sea Research.

Karl, D.M., and V.L. Asper. 1990. RACER: Particle flux measurements
during the 1989-1990 austral summer. Antarctic Journal of the U.S.,
25(5).

Laws, E.A., P.K. Bienfang, D.A. Ziemann, and L.D. Conquest. 1988.
Phytoplankton population dynamics and fate of production during
spring bloom in Auke Bay, Alaska. Liinnology and Oceanography, 33,
57-65.

Holm-Hansen, 0. 1990. Personal communication.
Letelier, R., M. Vernet, B.C. Mitchell, and P. Wassmann. 1987. Tem -

perature dependence of phaeopigment photooxidation. EOS, Trans-
actions American Geophysical Union, 68, 1,686.

Rey, F., H-R Sjkoldal, and D. Slagstad. 1987. Primary production in
relation to climatic changes in the Barents Sea. Proceedings Fourth
Soviet-Norwegian Symposium, Murmansk 1986.

SooHoo, B., and D. Kiefer. 1982. Vertical distribution of phaeopig-
ments-Il. Rates of production and kinetics of photooxidation. Deep-
Sea Research, 29(12A), 1,553-1,563.

Shuman, FR., and C.J. Lorenzen. 1975. Quantitative degradation of
chlorophyll by a marine herbivore. Limnology and Oceanography, 20,
580-586.

Vernet, M. In press. Modeling phytoplankton dynamics with pigment
budgets in the Barents Sea. Polar Research.

Vernet, M., and D.M. Karl. 1990. RACER: Phytoplankton growth and
zooplankton grazing in the northern Cerlache Strait estimated from
chlorophyll budgets. Antarctic Journal of the U.S., 25(5).

Welschmeyer, NA., and C.J. Lorenzen. 1985. Chlorophyll budgets:
zooplankton grazing and phytoplankton growth in a temperate fjord
and the central Pacific Gyres. Limnology and Oceanography, 30, 1-21.

RACER: Phytoplankton growth
and zooplankton grazing

in the northern
Gerlache Strait

estimated from chlorophyll budgets

MARIA VERNET

Marine Research Division
Scripps Institution of Oceanography

La Jolla, California 92093

DAVID M. KARL

School of Ocean and Earth Sciences and Technology
University of Hawaii

Honolulu, Hawaii 96822

Pigment budgets use chlorophyll a and phaeopigment stand-
ing stock in combination with their photooxidation and sedi-
mentation rates in the euphotic zone to estimate phytoplankton
growth and grazing by micro) and macrozooplankton (Welsch -
meyer and Lorenzen 1985). Their model assumes that chlo-
rophyll a is associated only with phytoplankton while
phaeopigments are the product of a stoichiometric degradation
of chlorophyll a due to grazing (Shuman and Lorenzen 1975).
Phaeopigments in seston are attributed to microzooplankton
grazing while the rate of phaeopigment in sinking particulate
matter sedimentation (i.e., that material collected in sediment
traps) is due to macrozooplankton grazing. The model was

developed to explain biological processes in the euphotic zone
using chlorophyll a and its degradation products as tracers of
phytoplankton biomass, and it does not consider processes
below illuminated waters. Furthermore, the model assumes
that vertical processes are dominant over lateral advection,
where sinking of particles out of the euphotic zone is related
to the body of water immediately above the sediment-trap
collector.

The model estimates phytoplankton growth rates with suc-
cess in temperate (Welschmeyer and Lorenzen 1985) and sub-
arctic (Laws et al. 1988) coastal areas, assuming a 66 percent
conversion efficiency in the degradation of chlorophyll a to
phaeopigments. In this article, we present results from three
differing sampling periods during the spring bloom in the
Northern Gerlache Strait, from 6 to 21 November 1989 (Karl
and Asper, Antarctic Journal, this issue). The sediment traps
were deployed three times, 1 week apart, for a duration raging
from 1.43 to 2.04 days, at station A (64°11.17'S 61°21.8'W) in
the RACER study area (Huntley et al., Antarctic Journal this
issue).

Chlorophyll a and phaeopigments were measured in meth-
anolic extracts using a Turner Designs fluorometer calibrated
with chlorophyll a (Sigma Chemical Co.). All samples were
filtered onto Whatman CF/F filters and extracted in methanol
for at least 2 hours in the dark at room temperature. Pigments
from the water column were sampled using 10-liter Niskin
bottles attached to a conductivity-temperature-depth (CTD)
rosette. Samples from the sediment traps were filtered from the
saline solution (50 grams of salt (NaCl) per liter of filtered sea-
water, without preservative), immediately after trap retrieval.

The model is based on Welschmeyer and Lorenzen (1985),
assuming chlorophyll a sedimentation is not zero and is due
to cell sinking. Equations were solved numerically and changes
in the depth of euphotic zone and chlorophyll concentrations
at those depths were accounted for as in Laws et al. (1988).
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No correction was made for a molar conversion efficiency of
less than 1 from chlorophyll a to phaeopigments, if any. Light
was integrated on the ship with a 2-pi collector (Biospherical
Instruments model QSL-40). The extinction of light in the water
column was estimated with a photosynthetically active radia-
tion (PAR) sensor (International Light Model SUD038/PARI
W) which was lowered manually from the ship several times
during each station A occupation. All the data collected were
pooled and a relationship established between the extinction
coefficient (kp AR per meter) and chlorophyll concentration in
the mixed layer (kpAR = 0.0233 x (chlorophyll a), r2 = 0.95,
n = 8). This equation was used to estimate kPAR from the
chlorophyll profile where no direct light measurements were
available. The average loss of radiation through the water/air
interface was 0.81 (range 0.77-0.93). This number, considered
representative for all weather conditions and time of day, was
used in all calculations. A photooxidation constant of 0.018
einsteins per square meter was used in the model (Vernet and
Mitchell, Antarctic Journal, this issue).

The development of the spring bloom at station A can be
observed from the build-up of chlorophyll a (Holm-Hansen
and Vernet, Antarctic Journal, this issue) and microbial biomass
(Tien et al., Antarctic Journal, this issue) in the mixed layer.
Peak concentrations were found, on the average, during 19 to
21 November (second trap deployment). Superimposed on the
average increasing biomass trend the system showed great
variability, or patchiness, in the distribution of chlorophyll a
and phaeopigments in the water column (Holm-Hansen and
Vernet, Antarctic Journal, this issue). Chlorophyll a and phaeo-
pigments profiles in the water column sampled at the time of
trap deployment and retrieval are considered C O and P0 (initial
concentration of chlorophyll and phaeopigments respectively,
in milligrams per square meter) and C 1 and Pf (final concen-
tration, in milligrams per square meter). Table 1 shows the
parameters used in the model at each deployment. Differences
in CO between stations (A2 to A4) are indicative of the varia-
bility of the system. During the A2 deployment not much
variability was observed in either pigment concentration or
depth of the euphotic zone. Results from stations A3 and A4
show an increase in pigment concentration with a concomitant
reduction of the depth of the euphotic zone. The weight ratio
of phaeopigments:chlorophyll a in seston ranged from 0.15 to
0.2. Sedimentation rates of chlorophyll a and phaeopigments
in station A increased in time and ranged from 1.1 to 3.0 and
from 1.6 to 6.7 milligrams per square meter per day, respec-
tively (table 2).

Table 2. Sedimentation rates of chlorophyll a and
phaeopigments (in milligrams per square meter per day) for the
three trap deployments in northern Gerlache Strait during the

spring bloom. Deployments lasted for 1.45, 1.9 and 2.04 days in
A2, A3, and A4, respectively. (Depth is given in meters.)

Sedimentation
Station	Date	Depth	Chlorophyll	Phaeopigment

A2	8 Nov 89	40	1.3	 1.6

	

60	1.4	 2.5

	

80	1.4	 2.6

	

100	1.9	 5.0

	

120	1.1	 1.8
A3	14 Nov 89	40	2.5	 6.5

	

60	2.2	 2.9

	

80	2.2	 2.5

	

100	2.4	 2.7

	

120	2.1	 2.1
A4	21 Nov 89	40	3.0	 6.7

	

60	2.7	 5.6

	

80	2.5	 6.5

	

100	2.7	 6.3

	

120	2.4	 5.8

The model estimates an increase in phytoplankton specific
growth rate during the bloom development, from 0.07 to 0.3
to 0.5 per day (table 3). Although the latter estimate is very
high, close to the maximum rate (Eppley 1972), it is possible
for a short period under high irradiance and a very shallow
euphotic zone (table 1). Most of the phytoplankton biomass
generated in the euphotic zone during the sampling period
accumulated in the mixed layer, in agreement with direct
measurements (Tien et al., Antarctic Journal, this issue; Holm-
Hansen and Vernet, Antarctic Journal, this issue). Cell sinking
and grazing by macrozooplankton did not have a high impact
on the system at any time during the bloom. Microzooplankton
grazing was the most important loss factor due to biological
processes in the system although the model predicts domi-
nance of this process only at station A2. Microzooplankton cell
numbers at A2 does not support the estimate of high grazing
pressure (Bird and Karl, Antarctic Journal, this issue) perhaps
suggesting an overestimation of this process by the model.
This discrepancy may also be due to lateral advection in the

Table 1. Parameters used in the pigment budget for the three trap deployments in the northern Gerlache Strait in November of 1989.
Euphotic zone (in meters) was defined as the depth of 1 percent incident radiation; C and P (in milligrams per square meter) are the
integrated chlorophyll and phaeopigment for the euphotic zone; kPAR (per meter) is the extinction coefficient for photosynthetically

available radiation for the euphotic zone; 1 0 (in einsteins per square meter per day) is the incident radiation integrated for 24 hours; I (in
einsteins per square meter per day) is the average photosynthetically available radiation in the euphotic zone; Cfl,, and PflUX are the flux

of chlorophyll a and phaeopigment (in milligrams per square meter per day) to the 40-meter sediment traps. Numbers separated by
semicolon represent the initial and final values for each deployment.

Date	 Euphotic
Nov 89	zone depth	 C	 P	 kPAA	 10	 I	 CfIU.	 PfIu

6-8	 20;20	243-243	35;36	0.23;0.23	112	21.5	1.3	1.6
13-14	 18;11	 263-215	53;26	0.25;0.41	71	14.1	2.5	6.5
19-21	 27;11	 180-227	27;44	0.17;0.44	127	24.8	3.0	6.7
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Table 3. Parameters estimated in the pigment model for the three deployments in northern Gerlache Strait in November 1989, during the
spring bloom: u (per day) is the phytoplankton specific growth rate; g' (per day) is the microzooplankton grazing rate calculated from
the accumulation of phaeopigment in the water column and photoxidation; g (per day) is the macrozooplankton grazing rate based on
the sinking of phaeopigments; Sink is the sinking of phytoplankton measured from the flux of chlorophyll a out of the euphotic zone;

accum Is the percentage of biomass that stays or accumulates in the euphotic zone; PP represents growth estimates based on the
carbon-14 uptake (Holm-Hansen and Vernet, Antarctic Journal, this issue) and calculating an average carbon:chlorophyll ratio for the

euphotic zone from Tupas et al. (Antarctic Journal, this issue).

Date	 U	 g'
	

%g'
	

%g	% Sink	Accum	PP

6 Nov	0.07	0.06	0.007
13 Nov	0.28	0.03	0.03
19 Nov	0.53	0.15	0.04

water column which would result in an underestimation of
chlorophyll accumulation in the water column.

Results from the model suggest that phytoplankton in coastal
areas of the Gerlache Strait can grow at maximal specific growth
rates for the ambient temperature during sunny days, where
atmospheric radiation is increased by albedo from nearby gla -
ciers. The model estimates an average specific growth rate for
the month of November of 0.29 per day. This estimate com-
pares well with the average growth rate of 0.27 per day based
on carbon-14 incorporation (Holm-Hansen and Vernet, Ant-
arctic Journal, this issue) and carbon: chlorophyll ratios calcu-
lated from particulate organic carbon in seston (Tupas
unpublished data).

Net growth of phytoplankton during the bloom can be es-
timated from the equation C = C0 eut (where Co and Ct are
chlorophyll a at times initial and final, u is the specific growth
rate, and t is the time interval considered), as if station A were
a closed system, and assuming advection to be zero. Taking
C as the average chlorophyll concentration in the euphotic
zone in all stations sampled during Al to A4 (Holm-Hansen
and Vernet, Antarctic Journal, this issue), Unet = 0.11, 0.11,
-0.04 per day, suggesting that the bloom peaked during A3,
in mid-November. The difference between the estimates, in
addition to the loss processes accounted for in the pigment
model, may reflect the difference in growth in a given body
of water as compared to the average growth in the area.

The sampling was performed on board the RIV Polar Duke
with assistance from 0. Holm-Hansen, M. Ferrario, G. Tien,
and R. Letelier. Data analysis were performed by E. Brody.
We would like to thank the captain and crew of the RN Polar
Duke and the RACER program for a successful cruise. This
study was supported by the Division of Polar Programs, Na-
tional Science Foundation grants DPP 88-17635 to 0. Holm-
Hansen and M. Vernet and DPP 88-18899 to D. Karl.

	

81.2	9.6	 7.5	 1.7	 .37

	

9.7	9.9	 3.7	 80.4	 .27

	

27.9	6.8	 3.0	 62.3	 .18
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